Reprinted from SUMITOMO LIGHT METAL TECHNICAL REPORTS  (Titte No. P-496 )

ROnEERE Rz X D ESLL 72
TiAl £ ERML S OME U AH”

Kk B F O ¥ I R X

EABEERE TEKRA LN ZR



B

ROSBEE I L D ERL L 72
TiAl EEBLEH OBEE U AL

kO OF RO

Fracture Toughness of Reactive-Sintered
T1Al Intermetallic Compound

Hideo Mizukoshi and Kazuhisa Shibue

In spite of the high specific strength and stiffness of the TiAl intermetallic compound, its poor
ductility at room temperature makes this material difficult for practical use. Therefore, it is
necessary to comprehend the fracture property of this alloy. In this paper, the fracture toughness
and fatigue crack growth rate of Ti—33.5mass% Al —2.5mass%Mn made by a reactive-sintering
process has been examined according to the test methods of ASTM E—399 and E—647. The results
obtained are summarized as follows.

(1) The fatigue crack growth rate increases with increasing stress ratio K. The relationship
between the threshold stress intensity range AK., and the stress ratio is expressed as follows.

AKy = 4.55 (1 ~0.80 R) where 0.05 < R 0.7
(2) The fracture toughness of reactive-sintered TiAl at room temperature is 14MN+m ™ which

is greater than that of arc-melted TiAl because the grain size of reactive-sintered specimens is

;'I %ﬂ R***

finer and more uniform than that of arc-melted specimens.
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Tablel Chemical Conpositions of specimens.

Chemical composition

No. (mass%) Production process

Al Mn Ti

Pl 33.5 2.5 Bal. Reactive-sintered

Cl 33.5 2.5 Bal.

As cast
Cc7 36 - Bal.
H2 335 2.5 Bal. | Arc-melted
H4 33.5 - Bal. HiPed

H8 36 - Bal.

L7z R S B T CAMMAERTL Ui, WHFTTER
oA, BAHHR =01, EEL#EEI0HzTITV, =
ZURAROEY SBURBEEAME Lo CDLE, &
WES2RBHBEOMCRON T 27 ) » 75—V %H
WTHIE L foo F 72, RIGEEREMIZ D W T, I571E0.05
~0.TIC BV B X BURREREE I RIT TS O e
EREE L, 0L EHBFOREGEET-LART
Hbo WHFEEEAR, FEHEHESENET 5729
12873K, 1.8ks OB AT » 72,

B, AREE (AK/d0) 1.28MNem™'%/s TH|
RS &, B E TOWMEEL Y ) v S - VBOER
ORR AR LT, WEE 2 Y » 77— YHOZEMOM
%iE, —#ic, Fig. 3IRT 32D ¥ 4 7DV T MK
1% %, Type I ZEEHTHEE, Typel 3R v 74 ¥ Z2H5
IS Typell 3 WHBB Iz W ZHIB L TV 3,

31.9

25.4 10.0

8.0

30.5

Fig. 2 Shape and size of CT specimen.

Fig. 1 Microstructures of specimens, (a) P1, (b) C1,
(c) C7, (d) H2, (e¢) H4 and (f) H8.
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Fig. 3 Relation between load and clip-gage opening
displacement at fracture toughness test.
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Table 2 Compression test results.

No. Yield strength |Compression strength| Fracture strain
0 -02 N/mm® | -5 (N/mm? (%)

Pl 465 1481 26.7

C7 343 814 14.9

H4 373 1026 23.0

H8 285 970 20.7
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Fig.4 Micrographs after the compression test for H2 specimen,
(a) longitudinal and (b) transverse sections.
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Fig. 5 Relation between the crack propagation rate
and the the stress intensity factor range for
1L-T orientation.
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Fig. 6 Relation between the crack propagation rate
and the stress intensity factor range for T-L
orientation.
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Fig. 7 Effect of stress ratio on the threshold
stress intensity factor range, 4K.
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Fig. 8 Relation between load and clip-gage opening
displacement at the fracture toughness test
for P1 specimen.
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Table3 Fracture toughness test results.

No. Poax ~ Pg Ky (MN-m™%) Rsc
P1 1.25 14.2 0.665
Cl 1.40 11.6 0.595
C7 1.24 7.1 0.340
H2 1.27 12,5 0.604
H4 1.16 11.9 0.513
H8 1.32 9.1 0.436
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Fig. 9 SEM micrographs of fracture surface, (a) P1 specimen and (b) H2 specimen.
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The Effect of Intermediate Annealing on the
Retardation of Softening in Cold Rolled
Al—Mg —Mn Alloy Sheets

Hiroki Tanaka and Shin Tsuchida

It is known that the 0.2%-yield point of cold rolled Al—Mg —Mn alloy sheets tends to drop
after annealings at over 500K. This softening is undesirable for the can end stock which is work-

hardened and baked at such temperature after coating. We investigated on softening of cold
rolled Al—5mass%Mg—0.65mass%Mn alloy sheets at 523K, and have found out that the inter-
mediate heat treatment at a low temperature (473K) before cold rolling is effective to retard the

softening.

A lot of fine precipitates (<0.05 um) are observed in the material intermediately annealed at

473K, and stable substructures are formed during final cold rolling by these precipitates. These

fine precipitates consist of aluminium and manganese and are thought to be the decagonal phase.
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Tablel Chemical composition of alloy. (mass%)

Mg Mn Fe Si Al

5.0 0.65 0.23 0.12 bal.
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Table2 Intermediate annealing conditions.
(Annealing time : 86.4ks)

Specimen A B C D

Temperature 473K 5T3K 673K  Without [LA.
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Fig. 1 Changes of 0.2%-yield strength by isothermal
annealing at 523K (in cold rolled Al-5mass%
Mg-0.65%Mn alloy sheets).
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Fig. 2 Optical micrographs of specimens intermediately
annealed at each temperature.
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Fig. 3 TEM micrographs of specimens finally annealed
at 523K for 3.6ks.
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(a) As rolled

(b) 523Kx%3.6ks

Fig. 4 TEM micrographs of specimens intermediately annealed at 473K.
(a) :as cold rolled (¢ 0.3mm), (b) :annealed at 523K for 3.6ks.

A (473K LA)

C (673K I.A) D (Without LA.)

Fig. 5 TEM micrographs of specimens intermediately
annealed at each temperature (and re-annealed
at 723K for 10s to distinguish particles).
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Fig. 6 The size distributions of precipitates for
the specimens shown in Fig. 5.
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Fig. 7 Precipitation in specimen A intermediately
annealed at 473K (and re-annealed at 723K
for 10s).
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Fig. 8 EDX analysis of the precipitates in specimen A.
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Fig. 9 The precipitate in specimen A annealed at 473K for 3.6ks
after cold rolling to 1mm thick.
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Fig. 10 The schematic of SAD pattern and DF images of Fig.9.
(The diffraction spots are not compatible with 10-fold symmetry.)

(a) 2-fold symmetry

(b) 4-fold symmetry

Fig. 11 TEM micrographs and SAD patterns of specimen A
annealed at 473K for 3.6ks.
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Pitting Corrosion of Copper Tube in
a Phosphonic Acid Solution

Yutaka Yamada, Koji Nagata and Kosuke Tagashira

The pitting corrosion of copper in cold water containing inhibitors composed of nitrilotris
methylene triphosphonic acid (ATMP), benzotriazole (BTA) and zinc sulfate (ZnSO.) has been
studied using the immersion test and electrochemical measurements. The results obtained are
summarized as follows :

(1) The pitting corrosion of copper dose not occur in cold water containing ATMP, ATMP +
BTA and ATMP +7ZnSOs, respectively. While it occurrs in cold water containing both ATMP +
BTA +7ZnSOs and ATMP -+ BTA + Na,S0,, of which the pH value reduces to 3. The existence of
S0, in ATMP+BTA solution is essential for the pitting corrosion in copper.

(2) The pitting corrosion is likely to be hard to occur in the following two conditions, Namely,
one is that the pH rises from 3 to 7 and another is that Ca hardness increases from 10ppm to 100
ppm even in low pH solutions of 3.

(3) There is a close relationship between the electrochemical properties of Eeor (corrosion poten-
tial) / E, (breakdown potential) and the occurrence of pitting corrosion in copper. Namely, in
case E,=E... consists, the pitting corrosion is hard to occur.

(4) The following treatments for inhibitor of ATMP,/BTA,“ZnSO; are recomended.

@ In case Ca hardness in cold water is greater than 100ppm, add BTA together with ATMP
and ZnSO. to it regardless of the pH.

@ In case Ca hardness in cold water exists below 100ppm, add BTA to in after pH rises over
7.
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Fig. 2 Corrosion potential change of copper with time
in the several test solutions.
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Fig. 3 Potentiodynamics anodic polarization curves
of copper in the several test solutions.
(Sweep rate:2mV/min)
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immersion test in several pH solutions (Test2).
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Fig. 5 Corrosion potential change of copper with time
in the test solutions of several pH.
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Fig. 6 Potentiodynamics anodic polarization curves
of copper in the test solutions of several pH.
(Sweep rate : 2mV /min)
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Fig. 7 Appearance and cross section of the copper after
imersion test in several Ca hardness solutions (Test3).
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Fig. 8 Corrosion potential change of copper with time
in the test solutions of several Ca hardness.
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(Sweep rate : 2mV/min)

4. %

4.1 IEORE

ATMP+BTA ##H< ZnSOs 270 L 7 IE# R IT
WTDH, FICLEDRENEY o, ATMP @&@fg
&+ ATMP i BTA % 72 1& ZnSO. & BN L 72356

=

17

KWRABRFEELEL -k, TOXIBHBRICEIAE
FEOREETFig. 3R LT / — FORBIEHER O IER
HBurEoxZ® Lk, ATMP @& KR U ATMP &
ZnSOs % [RIMHCAI0 L 7o AR T B0 RIS B
REBEORD IS LAV L, ATMP+BTA &
U ATMP+BTA+ZnSOs BRI B W THBR O LR
PS5 BRBEOROMWERT 5, LirL, BB % L
REE e, ATMP+BTA+ZnSO. i H O & 2878
BRBEOHMAEAONDE, TOIEhs, LEDOHE
4, ATMP it BTA 2R INd 3 C LIk D AERT 2 R

BALO RIS BREEOHMENA 2HEEET
2500, TOREREOEKTIC InS0 BTV EE
— BN L THESh, OB ATERT S b
DEEZOND,

D&, ABOFEICH L ZnS0: DB HRD T
BEREGEHEE>bDEEZOND Y, In*t X
SO D EL S DB A5 12, ATMP+BTA i
NaSOs ZFM L, BERBEIT - oo BREZREONE
T ORI & EAREREBN O REHEZE(L% ZnSO. D5
& &l L Fig. 10 B2 U Fig. 111278 37 NaSO. % #
LBEa s, LBORENA LD Oh, BARABREN
@ﬁﬂé‘f§4t b, SO2~ & LTRIEHEML 72 ZnS0s &
NaSO: OB K E RN EZERIA LD ONUE P o, T
noDERL SHEOREIE, D3 &b SO8 B
BRFTHEEEZON B,

4.2 AERCRIEFT pH OXE

&I BT 2 BORE LKER pH OBIfRE A 5 &
i, Typel (B7K%R) BTidpH : 6.2~68D 9%
BiEHE 0T, £/ Typel (BE%R) BTidpH: 6.8~
1200 TCHASE L TWS, £, EpHIETIHL2E
IRIBICIE B, L L, AERICHWBTA, SO/ 28

p— |

Fig. 10 Appearance and cross section of the copper after
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Fig. 11 Corrosion potential change of copper with time

in ATMP-+BTA solutions containg ZnSOy4 or
NasSOs.
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Effect of Initial Surface Film on the Corrosion
Resistance of CN108 Alloy Tube
in Sea Water™

Koji Nagata**, Tetsuro Atsumi

* ok K

and Makoto Yonemitsu™***

A local erosion corrosion,/ pitting corrosion of CN108 alloy tubes was found early in service in

the heat rejection of a MSF desalination plant. Pitting corrosion morphology in actual service

is successfully reproduced in the circulating loop test under the conditions using sea water pol-

luted by sulfide during the initial stage followed by chlorinated clean sea water.

Surface conditions of the CN108 have remarkable influence on pitting sensitivity, namely tubes
with a carbon film suffer severe pitting , while tubes with MnO or sandblasted tubes have a low
sensitivity to pitting. Protective film treatment by Fe®* injection during the initial stage is very
effective toward suppressing pitting even if sea water become polluted except that tube be con-

taminated due to a carbon film.

1. Introduction

The CN108 alloy, whose nominal chemical
composition is 66 % Cu, 30%Ni, 2 %Fe and 2
9% Mn, has been regarded as having excellent
resistance to erosion corrosion, especially
sand erosion in flowing sea water, and has
been accepted as the standard material for
condenser tubes of power plant heat ex-
changer tubes for heat rejection section of a
MSF desalination plant which is located in
the Middle East where cooling sea water often
contains a lot of sand.

Recently, the authors experienced prema-
ture failure of CN108 tubes in the heat rejec-
tion of a MSF plant. The failure is due to ero-
sion corrosion around a foreign matter. Addi-
tionaly, severe pitting corrosion was found
over all tube length. The severe failure was
limited to CN108 tubes manufactured by sup-

* This paper was originally presented to the pro-
ceeding of International Symposium on Control
of Copper and Copper Alloys Oxidation, 6 —38
July 1992 (Rouen, France).

* % No.2 Metallurgical Technology Dept.,Technical

Research Laboratories ; Dr. of Eng.

No.2 Metallurgical Technology Dept.,Technical

Research Laboratories.

Chemical Technology Dept., Technical Research

Laboratories.

* * *
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plier “A” of two manufacturers, though all
tubes were used in nearly the same period /
conditions.

This alloy is apt to suffer pitting corrosion
in sea water depending upon the surface finish
/ service conditions”~®. In regard to the ef-
fect of surface finish, a carbon film,a Mn
rich oxide film formed during final bright
annealing in a mill has been considered to be
harmful. Shone and Grim®» recommend that
the CN108 tube bore should be made clean
without these films by sandblasting,/pickling.
Cigna et al.”’ state that the carbon film is
harmful but a Mn rich oxide film is not neces-
sarily the cause of pitting corrosion because
such an oxide film usually disappears in sea
water with time, although it is strongly cath-
odic to the base alloy and causes localized
corrosion around, under deposits in highly
chlorinated sea water. The corroded tubes
mentioned above were supplied as manufac-
tured without sandblasting /pickling.

While, the effect of service condition has
not been necessarily studied for the CNI108
alloy. General speaking, corrosion resistance
of copper alloys condenser tube in sea water
is remarkabely affected by the sea water con-
dition at initial stage. Test results of alumin-
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ium brass tube show that the initial film
formed by ferrous sulfate dosing has been
remarkably effective to prevent malignant
erosion corrosion,/ pitting corrosion in pol-
luted sea water®. To keep the pitting resist-
ance of CNI108 stable, some measures are
recommended, such as not allowing the tubes
to come in contact with polluted sea water
especially during the initial stage”, to keep
free residual chlorine in sea water at a moder-
ate level® and to form an iron oxide pre-film
by ferrous sulfate injection®.

In this study, a loop test is made to reproduce
pitting corrosion experienced in service and
to examine the factors affecting the pitting
sensitivity in the various conditions of tube
surface finish and sea water quality during
the start up at the normal operating condi-
tion and furthermore to examine the effect of
the iron oxide pre-film.

2. Case with localized corrosion of the
heat rejection section of a desalina-
tion plant

The CN108 alloy tubes in the heat rejection
perforated in several thousands hours of op-
eration. The cause of its premature failure is
estimated to be due to erosion-corrosion
around the settlement of foreigh matter as
shown in Fig. 1 (a). Except for the perforated
portion, small mounds of green color are
locally found as shown in Fig.1 (b) and be-
neath them pits occurred with a 0.1 to 0.3mm
depth. EDX analysis shows that sulfur is
weakly detected on the green color scale as
shown in Fig. 2. The tube surface is generally
covered with brown scale mainly composed of
Fe (183%) and Mn (9%) oxide. The corrosion
potential is highly noble —100mV to +190mV
vs. SCE compared with that of the bare alloy
of —250mV vs. SCE. Surface condition is not
necessarily protective from the view point of
pitting corrosion.

Cooling sea water is usually cleaned by a
chlorination treatment. It, however, might
become temporarily putrid due to stagnation
during trial operation.

The CN108 alloy tubes used in other stages
of the heat rejection of the same plant, which

21

(a)

(b)

Fig. 1 Corrosion of CN108 tubes used in the heat
rejection of MSF desalination plant.
(a) : Local erosion-corrosion
(b) : Pitting corrosion

5 1008 8 1K1
10KEY 220 AOsIOKEV 20

Fig. 2 EDX analysis on the scale of CN108 tubes.
Left : Brown color scale, Right ; Green color scale.

were supplied by other manufacturers, suffer
neither the perforation nor severe pitting
alligator type of corrosion peculiar to Cu—Ni1
alloys. Both tube suppliers did not use sand-
blasting /pickling, so tubes are estimated to
be covered with an oxide, carbon film as
supplied. Therefore, such difference in service
performance is considered to be mainly due
to the difference between a tube surface as
annealed, combined with cooling water condi-
tion.

3. Corrosion test

3.1 Sample tubes (as manufactured : Al~
A3)

Sample tubes are ¢34 X1.2mm thick with a
chemical composition that meets with CN108
specification in BS. Three kinds of surface
conditions are prepared as follows.

Al, A2 : as bright annealed
A3 : sandblasting

A different surface is obtained between Al

and A2 by means of different kinds of drawing
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Fig. 3 Depth profiles of Fe, Mn, C, and O of CN108 tube samples of Al to A3 analized by AES.
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Fig. 4 Typical XPS spectra of CN108 tube samples of Alto A3.

lubricant oil and O: content in the DX gas
during final annealing.

Fig. 3 shows the depth profiles of Fe, Mn, C
and O by AES. Fig.4 shows the typical XPS
spectra on the CN108 tube samples. These re-
sults show that for sample Al, Mn segregation
is found on the outer surface and these ele-
ments form MnO and MnQ:. Carbon film for-
mation on sample Al is estimated to be negli-
gible from AES and XPS since the strength
level of C is nearly the same as that of A3
(sandblasting). While sample A2 shows a low
level for MnO and MnO: formation, but a high
level of carbon film formation. Sample A3
shows no segregation of any elements. The
results of surface analysis are simply summa-
rized as follows : Al is covered with a MnO
MnO: rich film, A2 1s coverd with a carbon
rich film and A3 is only metal.

Fig. 5 shows the polarization curves of each
tube obtained in clean sea water at a flowing
velocity of 1.9m/s. The corrosion potentials
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Fig. 5 Potentiokinetic polarization C{JI‘VQS for CN108 tube
samples in clean sea water at the flowing velocity
of 1.9m/s.

(Ec) of samples Al and A3 are —230mV vs. SCE
and the shape of their polarization curves
is very similar. Therefore, MnO,MnO: films
hardly affect their electrochemical behaviors
in sea water. While, the Ec of sample A2 is
—80mV vs. SCE and the shape of polarization
curves is somewhat different from that of Al
or A3. This fact indicates that the carbon
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rich film is a cathodic film which is likely to
have pitting corrosion.

3.2 Loop test
3.2.1 Simulation of start-up (initial sur-
face film formation : B1~B3)
Samples Al, A2, A3 are connected to each
other by means of plastic tubes and then are
separately treated with the following three
kinds of sea water (Bl1, B2, B3) for 3 days to
obtaine different types of initial films using
the loop test equipment shown schematically
in Fig. 6 . The flow rate is 1.9m/s.
Bl : chlorinated clean sea water with
1ppm as residual chlorine

B2 : chlorinated sea water with 0.5ppm
sulfide so-called artificial polluted
sea water

B3 : chlorinated sea water with 0.3ppm
Fe++

Table1 shows an example of a seawater
analysis.

At the end of the test period, the samples
are longitudinally cut and examined on ap-
pearance, pitting occurrence, pit depth, scale
analysis, etc.. Tubes treated in Bl have little
discoloration. Small pits are innumerably
found on sample A2, but rarely on samples
Al and A3. At the bottom of the pits denickel-
fication is found. Tubes treated in B2 are

Regulating tank Test tubes

=z
o
Q
o
Ll

—--4::——'

z
<
©
V7

---4:‘:W

Mean velocity : 1.9m/s

Fig. 6 Schematic diagram of loop test equipment.

Tablel Sea water analysis.

pH 8.2
D.O (ppm) 7.2
COD (ppm) 3.8
Cl™ (ppm) 16400
SO48~ 2290
Conductivity (mS/cm) 41.8
Total Fe (ppm) 0.14
Total Mn (ppm) 0.007
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thinly covered with a brown scale similar to
that found on tubes in actual service. Large
pits are found on sample A2, but very slightly
on samples Al and A3. Tubes treated in B3
are uniformly covered with a light brown scale
typical of iron oxide.

3.2.2 Simulation of long run (C1, C2)

Nine sample tubes (A1XB1~A3XB3) with
various surface film are connected in a row
by means of plastic tubes and then two kinds
of sea water are fed to branch Cl1 and C2 for
20 days at a flowing rate of 1.9m/s. The sea
water is changed every week.

C1 : chlorinated clean sea water with
1ppm residual chlorine
C2 : chlorinated sea water with 0.5ppm

sulfide

An electrochemical measurement is made
at the start and end of the test. Experimental
results are as follows.

Branch—C1 (Cl: treatment) :

For sample series Bl tubes, which were fed
with chlorinated sea water from start-up, very
fine pitting is found on all samples. Among
them, sample A2 shows the highest density of
pitting.

For sample series B2 tubes, which were fed
with polluted sea water at the start-up, many
mounds are formed and pits occurred regard-
less of the surface condition of the new tubes
(Al to A3). An appearance of B2 series tubes
after removing the scale is shown in Fig.7.

Fig. 7 Appearance of series B2 sample tubes
tested in highly chlorinated sea water
for 20days. (After pickling)



234 SUMITOMO LIGHT METAL TECHNICAL REPORTS

October 1992

Among them, sample A2 suffers severe pitting,
while Al and A3 remaine slightly pitted. The
morphology of scale formation, elements of
scale detected by EDX and pit occurrence are
very similar to those experienced in the service
plant mentioned in section 2.

For sample series B3 tubes, which were
formed with an iron oxide film, pitting corro-
sion hardly occurrs even on sample A2.

Based on the measurement of pit depth, pit
density and pit size, the relative evaluation
for corrosion resistance was made from 5
(excellent) to 1 (poor) as shown in Table2.
The results on Branch—Cl are summarized
as follows :

(1) 'The initial surface condition has signifi-

cant effects on the pitting corrosion.

(2) Sandblasted tube shows the best per-
formance, oxide surface coated tube
is second and tube with a carbon film
is the worst.

(3) The pre-formed iron oxide film shows a
remarkable protective effect regardless
of tube surface cvnditions from manu-
facturing.

Changes of corrosion potential are shown

in Fig. 8. There is not clear relationship be-

Table2 The relative evaluation for pitting corrosion
resistance in chlorinated clean sea water.

As manu- Initial film at start-up

factured Bl B2 B3
Al 4 (0.09 3 €0.06) 5 (0.09
A2 3 (0.05) 1 (01D 5 (0.03)
A3 5 (0.03) 4 (0.0 5 (0.03)

5 (excellent) —1 (poor)

() value is the maximum depth of pit(mm)

tween corrosion potential and the pitting oc-
currence, though the samples with more noble
potential in the Bl and B2 series are likely to
suffer from pitting.

Branch—C2 (sulfur addition) :

Appearances of each sample with different
pre-treatments are shown in Fig.9. Almost
all samples suffer more severely pitting,/gen-
eral corrosion compared with samples in
Branch —C1 of the chlorinated clean sea wa-
ter. A maximum corrosion depth is recorded
on the B2 series for each sample of Al, A2
and A3. Corrosion morphology, however, is
much different. Namely, for Al and A3, a gen-
eral type of corrosion (roughening) is found,
while for A2 a localized corrosion consisting
of large circles is found. In case where the
formation of iron oxide film has been made
during start-up (B3 series), the occurrence of
corrosion is much alleviated, especially for Al
and A3. For the pretreatment of the Bl series,
all samples suffer slight pitting which is larger
and deeper for A2 than for Al and A3.

The results of the relative corrosion evalua-
tion and maximum pit depth are shown in
Table 3 . The results of Branch—C2 are sum-
marized as follows :

(1) Pre-formed iron oxide scale is effective
for alleviating pitting corrosion, espe-
cially for Al and A3.

(2) Tube with a carbon film suffers from
relatively large pits regardless of the
condition of start-up sea water quality.

Corrosion potential and cathodic polariza-
tion are measured. The corrosion potential
becomes more noble than that in the chlo-
rinated clean sea water (Cl series), however,
there is no clearly difference among tube sur-
faces (factors A and B). Cathodic polariza-

—~ 0 0
8 Initial film : B1 | Initial film : B2 | Initial film : B3 |
2] o}
—100 E E
; .><A— 5
T —200l/a * 1
Lu" _300 [ NN TS NITEE WY TS 00 IR INEEE IS EUT RN NERE _300 sae e bepa g b s g v laatadaaay
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

Duration (day)

Duration (day)

Duration (day)

Fig. 8 Changes of corrosion potential of sample tubes tested in chlorinated

clean sea water.

O : A1MnO/MnOs3), A : A2(C film), M : A3(Sandblasting)
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Initial film © B1

Initial film : B2

Initial film : B3

Fig. 9 Appearance of sample tubes tested in polluted sea water for 20 days. (After pickling)

Table 3 The relative evaluation for pitting corrosion resis-
tance in chlorinated sea water polluted by sulfide.

As manu- Initial film at start-up

factured Bl B2 B3
Al 3 €0.08 2 (0.08) 5 (0.03)
A2 2 (0.09 1(0.19 2 (0.08)
A3 3 (0.05 2 (0.08) 5 (0.00

5 (excellent) —1 (poor)

( ) value is the maximum depth of pit(mm)

tion after the test period decreases when
compared to that at start-up. As an excep-
tion, sample A3 X B3 (sandblasting with iron
oxide film formation during start-up) main-
taines a high cathodic polarization value
during a long run test.

4. Conclusions

1. Pitting corrosion of the CN108 alloy tube
found in the heat rejection of a MSF plant is
nearly reproduced in the loop test on the tubes
with a carbon film under the condition using
sulfide polluted sea water at the start-up
followed by chlorinated clean sea water.

2. Tube with a carbon film suffers severe
pitting corrosion regardless of sea water

25

quality. The tube sandblasted shows a stable
corrosion resistance. Namely, it is likely to
suffer only slight general corrosion. Tube
with an MnO,/MnOQO: film shows fairly good
corrosion resistance.

3. In the polluted sea water, the CN108 alloy
tube does not have good corrosion resistance.
The depth of corrosion in polluted sea water
is 3 to 4 times deeper than in chlorinated clean
sea water. It is necessary not to contact with
polluted sea water, especially, during start-
up operation.

4. The initial iron oxide film formed at the
start-up is remarkably protective for tubes
with Mn oxide and the sandblasted tubes even
in sea water polluted intermittently.
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Effects of Sulfuric Acid on Tunnel Etching of
Aluminium in Hydrochloric Acid”

Atsushi Hibino* *, Mitsuhiro Tamaki* **,
Yoshiaki Watanabe*** and Takeo Oki****

Aluminium foil for high voltage aluminium electrolytic capacitor is etched by D.C.current in

the hot hydrochloric acid electrolyte. The several studies on tunnel growth have ever been made

using hot hydrochloric acid.

In this paper, effects of sulfuric acid in the hot hydrochloric acid on tunnel etching of alumin-

ium were studied. Following results were obtained;

{1) Sulfuric acid concentrations has no effect on the initial tunnel growth rate, but has distinct

effect on the limit length of tunnels.

(2) An increase in sulfuric acid concentrations causes a decrease in the tunnel length.

(3) With sulfuric acid, initial etch pit sites scatter partially on the surface.

(4) The multiplication of etch tunnels will occur in sequence after previous tunnels have reached

their limit length.

1. Introduction

High density of etch pits on the aluminium
foil is produced by anodic dissolution in the
hot chloride electrolyte’’?’. These pits have
square cross sections with a typical dimen-
sion of 1 ym and have aspect ratios approach-
ing 100 : 1. So these etch pits are called “tun-
nel pits”.

Generally, the performance of aluminium
electrolytic capacitors is mostly determined
by the capacitance and the morphology of
etched foils¥ . Therefore, it is indispensable
for aluminium foil manufacturers to under-
stand fundamental effects of etching condi-
tions as well as metallurgical factors in order
to develop high quality aluminium electrolytic
capacitor foils.

Tunnel morphologies were first studied by

* The main part of this paper was presented in
J.Japan Inst. of Light Metals, 42 (1992), 440.

* % Chemical Technology Department, Technical
Research Laboratories.
Nagoya University Graduate Student.

»+x  Chemical Technology Department, Technical
Research Laboratories.

«+xx Faculty of Engineering, Nagoya University ; Dr.
of Eng.

Dunn et al.? and informations of tunnel were
brought on by the scanning electron micro-
scope studies of oxide replicas of etched foils.
The several studies on tunnel growth have ever
been carried on, but they used hot hydrochlo-
ric acid or sodium chloride electrolyte® ~*.
They referred hardly to effects of additives®.

The purpose of this paper is to discuss ef-
fects of sulfuric acid in the hot hydrochloric
acid on tunnel etching of aluminium.

2. Experimental

Specimens were 107 pm —thick, O — temper,
99.99% Al capacitor grade foils from Sumikei
Aluminium Foil Co., Ltd.. Chemical composi-
tion of specimens is shown in Table 1.

Apparatus schema for D.C. etching is shown
in Fig. 1. Specimen was exposed one side (40
X 50mm) opposed to the carbon electrode for

Tablel Chemical composition of specimen.

Si Fe Cu Mn Mg Zn Ga i Al
9 10 44 <1 8 <4 2 99.99

(mass ppm) %)
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(D:Power supply @: Specimen

HOKUTO DENKQ,HA-320 X
( ) (®:Specimen holder

@:Function generater ®:Graphite electrode

(HOKUTO DENKQ,HB-105)
@ : Quarze heater

®:Glass beaker
@ :Magnetic agitator

@ :Temperature control
system

Fig. 1 Apparatus schema for D.C. etching.

Table2 Etching conditions.

Etchant 1.0mol/1 HCI with
0~3mol/1 HsS04

Temperature 90°C

Current Density 0.2A/cm?

Anodic charge ~30C/cem?

tunnel lengths to be measured effectively.

Etching conditions are shown in Table 2.
Tunnel growth was studied in 1mol/1 HCl with
0~3mol/1 H:SO0s. Anodic etching was conducted
under galvanostatic condition at a constant
nominal ¢d of 200mA/cm? at 90°C.

Tunnel features were studied by examina-
tion of oxide replicas (anodized at 260V in
boric acid) in the scanning electron micro-
scope. The distributions of etch pit sites were
also studied from surface SEM photographs
by an image analyzer.

3. Results and discussion

3.1 Effects on tunnel length

Fig. 2 shows the cross section of the etched
foils for 12C/cm?’. Tunnel growth was sup-
pressed by an addition of sulfuric acid. With
3mol/l H:SOs, tunnel length decreased to a half
comparing with Omol/l H.SO..

Fig. 8 shows the transitions of tunnel length
in several H.SO: concentrations. First, tunnels

27

() 2mol/i

(d) 3mol/I

Fig. 2 SEM photographs of cross section
at 12C/cm? in Imol/1 HCI added H2SO,.

100

80 | Omol/i
5 B
3 1
ol T o= =
= = o} 2
) — eSO
§ 9‘—0 (¢}
3 A0 3
= D/ & — -
=

20 b

0% 20 40 60 80 100

Etching Time (s)

Fig. 3 Transition of tunnel length in several
H2S0s concentrations.

propagated along [100] direction. H.SO: con-
centrations had no effect on initial tunnel
growth rate, which was 6.0 um/s at 90°C.
Then, tunnel growth terminated when tunnel
reached their critical length. With 3mol /1
H:SO:s, tunnel length grew up to 34 um at about
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5 sec. Without H:SOs, it grew up to 750 um at
about 15 sec. The limit length of tunnels in 1
mol/1 HCI corresponded to results that Alwitt
et al. showed®.

Results indicated that H:SOs: concentrations
had definite effect on the limit length of tun-
nels like temperature of etchant and concen-
trations of hydrochloric acid®'.

Effects of an addition of sulfuric acid to hy-
drochloric acid on the limit length of tunnels
at 90°C is shown in Fig.4. The limit length
was suppressed lineally by an addition of sul-
furic acid. It is thought that no tunnel would
develop by an addition of 5~6mol/1 H:SO..
The relationship between the limit length of
tunnels and concentrations in 1mol/1 HCl at
90°C is described by equation (1).

Le = 77.37—41.39 (H:S0.) (R = 0.998)
where, Lc : limit length of tunnels (pm)
(H.SO.) : H:SO: concentrations (mol/1)

Regarding to the phenomenon that tunnel
growth stopped in the hot hydrochloric acid
electrolyte, Alwitt et al.” considered that when
aluminium chloride was saturated at the active
tips of tunnel, dissolution of aluminium was
suppressed and tunnels abruptly died. In case
of an addition of sulfuric acid, we presume
next two causes ; 1) the solubility of alumin-
ium chloride is suppressed by an addition of
sulfuric acid. 2) aluminium sulfate which
might be formed by dissolved aluminium ion
and sulfuric ion might be saturated at the
tips of tunnel, and tunnel will die abruptly.
To discuss these mechanism, further examina-
tions should be required.

(1)

100

80

60

40

Tunnel length  (pm)

20

H,SO, concentrations (mol/!)

Fig. 4 Relationship between limit length of tunnels
and Sulfuric acid concentrations.
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Etching time (s)

Fig.5 Relationship between thickness
and Sulfuric acid.

The thickness of etched foils declined with
etching time as shown in Fig.5. By the addi-
tion of 5mol/l H:SOs, the thickness of etched
foil for 12C/cm? decreased to 90% of that of
non-etched. This tendency may be attributed
to that by an addition of sulfuric acid short
tunnels are formed, and then neighboring tun-
nels combined each other or walls of tunnel
were fallen down.

3.2 Effects on the pit distribution

The distribution of etch pit sites in lmol/]
HCl and 1mol/1 HCl with 3mol/1 H:SO: at 5s
and 30s were observed definitely as shown in
Fig. 6. The surface of etched foil was removed
1~2 um by electrolytic polishing to reduce
horizontal pits and surface roughness.

In an addition of sulfuric acid, etch pit sites
were scattered partially at 5s, and places
where etch pit sites were generated were ex-
tended with etching time. At 30s when tunnels
ceased from growing as shown in Fig. 3, new
etch pits were generated uniformly. While no
change was observed at 5s and 30s in sulfuric
acid-free 1mol/1 HCIL.

The reason why etch pit sites were scattered
partially by an addition of sulfuric acid is
considered as follows ; sulfuric ions occupy
active sites of aluminium surface preferentially,
so that adsorption of aggressive chloride ions
might be limited.

In 1mol/1 HCl, some large pit sites were
observed. Those were made of aggregation of
small pits.
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Etchant bs

1mol/l HCI

-3mol/! H;SO,

1mol/I HCI

Fig. 6 Distribution of etch pit sites

The number of tunnel pits was investigated
by using an image analyzer quantitatively. As
shown in Fig. 7, in 1lmol/1 HCIl, 2.6 X 10°/cm?
tunnels were observed at 2s and no remarka-
ble change was observed until 30s. In the addi-
tion of sulfuric acid, there were 4.1 X 10°/ cm?
pits at 2s. At 30s, 20 X 10°/cm® etch pits were
observed, which were five times as much as
at 2s.

After 5s etching, the number of tunnels was
multiplicated immediately corresponds to the

30

£ A
L With 3mol/l H,SO,
é 20 -
X
Z .
2
g 10
o
‘aé Without H,S0,
E O O e O e —0—=="

O i 11 " 1 L

0 10 20 30 40

Etching time (s)

Fig. 7 Transition of the number of tunnels.
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Etching time
15s 30s

30um

| el S

(surface).

time when tunnels ceased from growing in
the addition of 3mol/l H.SO. (Fig.3). The re-
sult indicated that the multiplication of etch
tunnels will occur in sequence after previous
tunnels have reached their limit length deter-
mined by sulfuric acid concentrations.

3.3 A model of tunnel growth

A model of tunnel growth is shown in Fig. 8.

Tunnels reach their limit length at time (a)
in an addition of sulfuric acid and at time (c)
without sulfuric acid. As shown in the model
of cross section and surface, in an addition
of sulfuric acid, tunnels which ceased from
penetration propagate gradually as shown in
(b) and (c).

While without sulfuric acid, tunnels are
growing more and more as shown in (a) and
(b). So no change is observed in the number
of tunnels. At time (c), tunnels reach their
limit length, thereafter new etch pit sites are
generated. In an addition of sulfuric acid,
owing to shorter limit length of tunnels, tun-
nels are newly grown at same time (except
early stage of etching).

However, an increase of sulfuric acid con-
centrations causes an increase of the number
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Fig. 8 A model of the multiplication of etch tunnels.

of tunnels in the early stage of etching in Fig.
7. This phenomenon is attributed that pit size
were smaller than that of without sulfuric
acid, as shown in Fig. 9. The average size of
pit sites was about 0.36 pm with H.SOs, and
was about 0.48 um without H.SO..

We made an attempt to express quantita-
tively the distribution of etch pit sites which
showed in Fig.6. The areas of surface SEM
photographs were divided mesh-likely into
small sections, in which the dividing was made
so as to be 1.5 of average number of etch pit
sites per section. Then, the distribution of etch
pit sites which were existing in each section
were analyzed by means of illustration as
histogram.

Fig. 10 shows the relationship between the
number of etch pit sites per section and the
relative frequencies of them at 5s.

The number of etch pit sites per section con-
centrated on from 0 to 2 in 1mol/1 HCIl. This
phenomenon corresponded that etch pit sites
were scattered uniformly. While, by an addi-
tion of sulfuric acid, more sections where no
etch pit site was existing were observed, indi-
cating etch pit sites were scattered partially.

Fig. 11 shows the relationship between dis-

30

50
S X=0.36pm
S 4ol l H
a\ -
S 30F
]
o
o
= 20 -
Qo
= I
oL L] A
0 0.2 0.4 .6 0.8 1.0 1.2
Pit size (pm)
(&) 1mol/l HCI-3mol/l H,S0,
50
S
~ 40 L.
> —_
) =0. m
£ 3ol x=0.48
po)
g L
= 20F
o8]
2
o
ol l—”__ll__lr—m—_..—‘
0 0.2 0.4 0.6 0.8 1.0 1.2
Pit size (pm)
(b) 1mol/t HC!
Fig. 9 Relative frequency of tunnel size distribution.
.. 50
X
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>
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2 0 1 2 3 4 5 6 7 8 9
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>
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Fig. 10 Relative frequency of the number of tunnels

per section.
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Fig. 11 Relative frequency of the number of tunnels
per section.
(Etchant : 1mol/l1 HCl-3mol/1 H:SO4)

tribution of etch pit sites per section and
etching time in 1mol/] HCl with 3mol/1 H.SO..
The relative frequencies changed gradually
with time. The sections where no etch pit site
was existing decreased and ones where 1 and
2 etch pit sites were existing increased with
etching time. After long etching time, etch pit
sites were scattered uniformly over the sur-
face. On the other hand, in the case of no
addition of sulfuric acid, etching time had no
distinct effect on the relative frequency of
etch pit sites (Fig. 12).

4. Conclusion

Effects of sulfuric acid in the hot hydrochlo-
ric acid on tunnel etching of aluminium were
studied. Following results were obtained.

(1) Sulfuric acid concentrations has no ef-
fect on the initial tunnel growth rate, which
was about 6.0 um/s.

(2) Sulfuric acid concentrations has defi-
nite effect on the limit length of tunnels. An
increase in sulfuric acid concentrations causes
a decrease in the tunnel length. The relation-
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ship between the limit length of tunnels and
sulfuric acid is described by following equa-
tion:

Lc = 77.37—41.39 (H:S0.) (R* = 0.998)
where, Lc : limit length of tunnels (um)
(H.SOs) : sulfuric acid concentrations

(mol/D

(3) The multiplication of etch tunnels will
occur in sequence after previous tunnels have
reached their limit length.

(4)  An addition of sulfuric acid caused a
decrease in the average size of etch pits.

(5) By an addition of sulfuric acid, initial
etch pit sites scatters partially on the surface.
This phenomenon is considered to be attrib-
uted that sulfuric ions in etchant are absorbed
on aluminium surface and occupy active sites
preferentially, so that absorption of aggres-
sive chloride ions are limited.
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Aluminium Automotive Bumper Reinforcements
and Development of Our New Alloys

Hiroyuki Wakabayashi, Sadao Hisada,
Shin-ichi Matsuda and Hideo Yoshida

This report describes the outline of domestic trend of aluminium automotive bumper reinforce-

ments and our newly developed alloy with high strength and elongation for bumper reinforcements.

Aluminium bumper reinforcements commercially used were manufactured by bending, drilling,
aging, etc. using extrusions mainly with double-hollow of triple-hollow section. Most of them
weighed about 4kg but some of them had much lighter mass of about 2kg. Aluminium alloys used
were 6063, 6N01, 7003 and 7108. 7003 alloy had a yield strength of 290 —310N/mm?, while 6000

series alloys had that of 200 —250N/mm?.

Our 6000 and 7000 series alloys for bumper reinforcements are available for both solid and
hollow extruded shapes. SG09, a newly developed 6000 series alloy, has a yield strength of 345
N/mm?, which is much higher than that of 6061 alloy and also good bendability. ZK70, a 7000
series alloy, has the highest tensile strength of about 490N/mm? among the alloys for hollow
extruded shapes and also shows high stress corrosion resistance.
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New Lubricant AT91 for Aluminium
Alloy Sheets Used for Auto Bodies

Hideo Ito, Tsutomu Usami, Yoshio Takeshima,
Tatsuya Hikida, Hiromichi Sano and Toshiro Mase

New lubricant AT91 was designed to improve the formabilities of aluminium alloy sheets.
That is a low viscosity lubricant which contains synthetic oils having the functional groups, as a
base oil.

In addition to the superior formabilities compared with commercially low viscosity oils, the

new lubricant AT91 exhibits considerable spot weldability, adhesion property and degreasing

property for practical use.
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Introduction of a Multipurpose
Experimental Rolling Mill

Kazuhiro Miyaji, Ikuya Hoshino, Akio Sugie and Hiroshi Kimura

A new type experimental rolling mill has been introduced in Sumitomo Light Metal to make
the great progress in research and development for the quality improvement of aluminium sheet
products. This mill has many equipments for hot reverse rolling, cold coil rolling, and foil rolling
in one machine.

In hot rolling, an aluminium coil can be produced from an ingot of 250kg mass.

In cold coil rolling, the rolling at a 500m, min speed is possible, and the maximum size of a
coil 18 550mm in width, 1000mm in outerdiameter, 6mm in inlet thickness.

In foil rolling, a thin thickness coil of 30 um can be produced at a 250m, min speed.

Various inventions have been made to get good changeability among the hot rolling, cold coil

rolling, and foil rolling.
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Recent Aluminium Alloys for Natural Colour
Anodizing i Architectural Use

Tsutomu Moriyama and Shin Tsuchida

It is well known that the anodic film is naturally coloured with alloying elements and electro-

lytic solution. Recently, natural colour anodized aluminium alloys are often used for architectures

because of their excellent corrosion resistance and beautiful appearance.

This review describes the characters of coloured anodic film and introduces recent aluminium

alloys for natural colour anodizing.

There are two kinds of mechanism in natural colouring. The one mainly utilizes the mechanical

structural change in anodized film due to alloying elements, and the other is based on the chemi-
cal structures due to the deposition of dissolved ions.

In the former, the microstructural control in materials is very much important because the
colour of anodized film depends on the existence of intermetallic compounds in the film. Gray
colour is usually obtained for A1—Si and Al—Fe alloys by anodizing in sulfuric acid solution.

In the latter, called integral-colouring, the anodized film is coloured by depositions from
organic acid or sulfuric acid solution, in addition to structural change in the film due to alloy
elements. Most popular colour is amber or bronze for pure aluminium and 6063. Black colour film,
however, obtained by this method in Al—Mn —Si alloy is also well known to have a very large

hardness and superior corrosion resistance.
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%6 SMIOHEHERE
(a) {LAEHRSY & BT
K253 (mass%) |BHRIITEE GEM, TD BB YET Gib H19)
3 | W | mo | 368 | B | e
Si | Fe | Mn| Al | X i
(N/mm)(N/mm?)] (96 |(N/mm)|(N/mm?)| (%6)

1.1]055] 10| R | 135 69 26 167 | 157 10

) TaTA PEE (R - RE, R
iiZ ¥ (TD (i
= IR T

L* * b* L* a* b*
& (um)

¥ H1D

(pm)

20 31.6 11 0.1 22 326 | —15 0.7

(c) RrlEM:RE
B R X - * v AR | BE L LEEER
(pm) iR (R.No.) (€D
2202084 ) Hv 572 9.8(48h 9L1 F) | 4800(710L1 L)

() Wi JIS #ikk

D & BEEEIEOHH L U5 0T, s LE
XH LI REBNTEOREEESERE CH b,

4. A @
£72, MHOERRKOMER TV =y AEMDSER
& nifol oREFERT, KReé s v—BO, SFI0,
SG40ASHLTH B8, BoEOMAEE LT, 950 &L
rEHOEA SV -—ENFENE LI TH S, K2

F7 MHBERIEOMER T VY =Y LM O

21 SMlloyz 3 b — > B EWiHE HSEM%

®22 SMIL-TIEHOFEHE I 7 v il

No. w e % 5 & H_® _—
| i

1 BWESEE YR T ) TR X AR HY - SG40 $58.3
2 RS RR AT v B RUERT-AR XD SR AT SF10 SG40 S61

$ | no-mEBEW BT AR R/ ME BT SF10 | sG40 | se212
4 HIYRF ALY~ HEEXaE SF10 - 563.4
5 | mEEme el B SF10 - $63.9
6 B RURE A KERE v B EETF R X Z T - SG40 Hit.1
7 KV RF LYY —EN TFIEEEFNIT FC13 - 863.7
8 | syryuyv— KERATHRIX -~ sM1l | Hi3
9 TEER MR v B RUET A X Z AT SF10 - H2.10
10 FRFRIER L T & B EET R X TS SF10 ‘SG40 H2.8
11 AR BIR MY IS8 SF10 SG40 H3.2
12 KFEFEAL v BEEEX FC13 - H3.2
13 ZHBEybrs0Y—2 T FC13 - H2.11
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