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Structures of A6063 Alloy Billets by Hot-Top
and Conventional Open Mold Casting Method

by Masahiro Yoshida and Kazuhisa Shibue

In recent years, there has been increasing utilisation of hot-top method in semi-continuous
direct chill casting of aluminum and its alloy billets, in stead of conventional open mold method.
A great deal of benefits, including improved surface quality and increased productivity have been
provided by this method. However, soldification morphology or inner quality of billets comparing
with conventional ones have not been clear, yet. This paper described some of cast qualities of
A6063 alloy billets by hot-top ‘and conventional method and the difference was clarified by comp-
arison with these two casting methods.

Results obtained.were summarized as follows;

(1) Solidification morphology and microscopic structures of a hot-top billet were considerably
different in the outer region from those of conventional one. Dendrites structure was more excellent
and higher cooling rate was given in this region. On the other hand, in the inner region of the
billet, these differences was not appeared.

(2) In the hot-top billet, the feathery structure was obserbed in the middle region between
the outer columner and the center equiaxed structure, and it was strongly affected by the casting
temperature. This results may be explained by the large temperature gradient in front of the
solidification interface and by the calm pouring into the mold.

(3) The hot-top billet may need more addition of grain refiner to get the fine structure
than the conventional billet under the same grain refining conditions. It should be deliberate to
select the grain refiner and decide proper amounts of the refiner.
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Table 1 Chemical composition. (%)

Si Fe Cu | Mn | Mg Zn Al

A6063 | 0.33 | 0.21 | 0.02 | 0.01 | 0.48 | 0.01 | Bal
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Fig. 1 Schematic illustration of conventional open mold casting and hot-top casting apparatuses.



Vol. 24 No. 3, No. 4

Ry bbby TRBIOF — T o0 FERERIC K 5 AB063F € L v M OSFIHENT DT

82

Table 2 Casting conditions.

Casting conditions*? Hot-Top (H) Metal Billet dia. | Couple Amount - of
Run No. v W T te o'r head*2 insert grain refiner
(mm/min)| (¢/min) | (C) (cy |Conventional(C)} ~ (mm) (mm) | (Yes) %)
1(Standard) 90 130 695+2 7 C 55 200(254) - Al-5Ti-1B 0.01
2(Standard) 90 130 695+2 7 H 100 200(254) — Al-5Ti-1B 0.01
3 90 130 670x2 7 H 100 200 — Al-5Ti-1B  0.01
4 90 130 680t2 7 H 100 200 — Al-5Ti-1B  0.01
5 90 130 6952 7 H 100 200 Y Al-5Ti-1B° 0.01
6 90 130 705%2 7 H 100 200 — Al-5Ti-1B  0.01
7 90 130 7104 7 H 100 200 — Al-5Ti-1B 0.01
8 90 130 735+4 7 H 100 200 - Al-5Ti-1B 0.01
9 90 130 7404 7 H 100 200 — Al-5Ti~1B- 0.01
10 90 130 6802 7 C 55 200 — Al-5Ti-1B- 0.01
11 90 130 695+ 2 7 C 55 254 Y Al-5Ti~0.2B- 0.005
12 90 130 715+3 7 C 55 200 - Al-5Ti~1B- 0.01
13 65 130 630+2 7 C 55 200 o - -
14 65 130 6952 7 C 55 200 — — -
15 80 130 6952 7 C 55 200 Y — -
16 80 130 715%3 7 C 55 200 — — —
17 70 130 695t2 7 H 100 200 Y — —
18 90 130 695+2 73 H 100 200 Y - -
19 90 130 695t2 7 H 100 254 — Al-5Ti~1B - 0.005
20 90 130 695+2 7 H 100 254 - Al-5Ti~1B  0.02
21 90 130 6951t2 7 H 100 254 — Al-5Ti~1B - 0.05
22 90 130 695+2 7 H 100 254 -
23 90 130 695+ 2 7 H 100 254 - Al-5Ti-0.2B 0.01

*] V: Casting speed, W: Water flow rate, T: Casting temperature, tw: Water temperature.

*9 Distance from the bottom of mold.
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Fig. 2 Typical macrostructures of ¢254 mm A6063
alloy billet casted by standard casting
conditions.
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Fig. 3 Relation between area fraction of feathery
structure and casting temperature in con-
ventional and hot-top ¢200mm A6063 alloy
billets.
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Fig. 4 Macrostructures of ¢200 mm A6063 alloy billets casted by hot-top
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Table 3 Summary of macrostructures of ¢ 254 mm A6063 alloy hot-top billets
added various amount of grain refineres.

Grain. .refining Area fraction (%)

Refiner Amount (%) Chill zone SSB *1 Feathry str. Equiaxed str.

— 0 0.8 12 87 0 ——
0.005 0.8 12 43 44 ~1000*2
0.01 0.8 12 38 49 ~500 *2

Al-5%Ti-1% B

0.02 0.8 8 2 89 ~500 *2
0.05 0.8 5 0 94 ~350 *2
0.005 0.8 11 61 27 ~1000%*2
Al-5%Ti-0.2% B .
0.005 *2 22 25 50 ~1500%2

*1 Sub-surface band.

(a) None addition

*2 Mean grain diameter (zm).

(b) 0.005% added

*3 Conventional DC casting.

(c) 0.05% added

Fig, 6 Macrostructures of ¢ 254 mm A6063 alloy billets added Al-5%Ti-1%B grain refiner.
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Fig. 7 Comparison of dendrite structures in ¢ 200 mm A6063 conventional and hot-top billets.
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Fig. 11 Relation between casting speed and sump
depth by secondary cooling in ¢ 200 mm
AB063 billets.
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Fig. 12 Cooling curves at various points in a
¢200mm AB063 conventional billet.
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Fig. 13 Cooling curves at various points in a
¢ 200 mm A6063 hot-top billet.
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Fig. 14 Distribution of temperature gradient in
front of solidification interface in ¢ 200
mm A6063 alloy billets.
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Fig. 15 Distribution of cooling rate in ¢ 200 mm
AB063 alloy billets.
(V: Casting speed, t: Water temperature)
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Welding Conditions of BA11 Alloy Tube for

Heat-Exchangers

Experimental Studies on Manufacture of High-
Frequency-Induction-Welded Aluminum Alloy

Tube. (Report 3)

by Keizo Namba

This study has been performed on the investigation of welding conditions in order to produce
the desirable quality of weld in tubing of BAIl aluminum alloy with 20mm outside diameter, 0.8
mm thickness and low proof stress. Among the welding variables investigated are the convergence
angle at the vee shape, the power input of an oscillator tube for heating conditions and the girth
reduction by squeeze rolls for upsetting conditions.

The results show that the effective welding condition is obtained without taking any special
measures and devices to meet the clad tube. The wider convergence angle tends to produce the
better quality of weld, and the power input to obtain the best quality is at some intermediate
value. The higher girth reduction is proper, but the excessive reduction causes defects such as a
misalignment and an offset.

The flash form is affected by not only heating conditions but alse. upsetting conditions, and
it is closely related to the quality of weld. Therefore, the flash form is an effective level on

estimating of these conditions and the weld.
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Stress Corrosion Cracking of Phosphorous
Deoxidized Copper in Ammoniacal Environ-
ments

by Koji Nagata and Siro Sato

This study was conducted to clarify the effect of variours factors, such as ammonia concent-

ration, humidity, phosphor content, grain size and applied tensile stress, on the stress corrorsion
cracking (SCC) of phosphorous deoxidized copper in ammoniacal envioronments at room temperature.

Thin plate Cu-P alloys containing 0.003 to 0.145% P were annealed at 350 to 750°C to control
grain size 0.01 mm and then cold-rolled by 16.7% reduction. These specimens which have high
yield strength of 26 to 30 kg/mm?* were applied the tensile stress of 2 to 25 kg/mm? by special
device and then placed in a chamber where ammonia concentration and humidity were controlled.

Time to rupture under such conditions was measured to estimate SCC sensitivity of this alloy.

Surface film growth was measured coulometrically by cathodic reduction in 0.1M NH.C1 at a constant
current.

The results obtained are as follows;

SCC always develops intergranularly beneath the Cu:O thin film of 10> A in ammoniacal

Humidity in the atmosphere have remarkable effects on SCC. At high humidity of 98 % the
cracks occur rapidly even in low ammonia concentration of 5 mg/¢ under low applied tensile
stress of 5 kg/mm? While at low humidity of 702% the cracks are not found even in high
ammonia concentration of 48.5 mg/¢ under high applied tensile stress of 15 kg/mm?.

Both grain size and P content have an effect on SCC. Increase in both grain size and P content
accelerates SCC sensitivity. Even the alloy containing very small amount of P, for example,

Applied tensile stress accelerates the intergranular corrosion which is inclined to suffer under
a non-stressed condition. Threshold stress for cracking is 9 kg/mm?® under a typical test

Corrosion potential in ammonia solution is inclined to shift to less noble with increasing in
ammonia concentration and P content. On the other hand, corrosion potential shifts to noble

P content in grain boundaries is calculated about 100 times as many as that in matrix based

¢))
environments.
(2)
3
0.005%, has SCC sensitivity.
@
condition.
)
due to the Cu:0 film formation.
®)
upon McLean’s equilibrium segregation idea.
)

SCC of Cu-P alloys in ammoniacal environments is considerd to be the stress accelerated
intergranuler corrosion which is related to preferential dissolution of grain boundaries due
to large potential difference between matrix and grain boundaries.
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Fig. 1 Flow chart of corrodant.
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T BimoME (Cu0:715, Cul :398)

F: 7735 5F—EH (96.500)
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CuO : 64)

ip

Millivolt meter

=

-~ Pen recorder

0.1M NH, Cl Cathode (Specimen)
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Fig. 2 Schematic diagram of the apparatus used

for the electrochemical reduction measure-
ment.
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Y(not rupture)
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103

107
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Applied tensile stress (Kg/mm?)

Fig. 3 The effect of ammonia concentration on the

time to rupture .of.Cu-0.03% P alloy in
ammonia under applied tensile stress.
Grain size of specimen is 0.04 to 0.05 mm.
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Fig. 4 The effect of humidity of atmosphere on the

time to rupture of Cu-0.03% P alloy in ammo-
nia under applied tensile stress.
Ammonia concentration is 48.5 mg/{.
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Fig. 5 Typical microstructures of intergranular SCC of Cu-P alloys. (x100)

A
B: Cu-0.03%

: Tubes used in hot water pipeline for 1 }}ear (case No. 9 in Table 2).
P tested for 1,260 min in ammonia of 48.5 mg/{ under applied
tensile stress of 10 kg/mm?2

C: Cu-0.005% P tested for 20,000 min in ammonia of 48.5 mg/{ under applied

tensile stress of 20 kg/mm?2
P tested for 10,000 min under applied tensile stress of 10 kg/mm?2

D: Cu-0.03%
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P content (%)

Fig. 7 Relation between P content of Cu-P alloys and
the applied tensile stress on the SCC in ammonia.
Test condition is the same as Fig 6.
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C D
Fig. 10 Typical SEM fracture graphs of SCC of Cu-P alloy. (<1000 for A and B, %300 for C and D)
A,B: Tubes used in hot water pipeline for 10 years (case No. 8 in Table 2). A is the
portion sampled from the crack initiation (tube outside), B is the portion sampled from

the crack tip (tube inside).
C,D: Cu-0.03%P tested for 1,260 min and 220 min, respectively.
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B OIE & & 12 —200mV (SCE) #1231 % Bt Fig. 11 Potential-time curves of cathodic reduction
BELIK->TH Y, Cw0 OFEORER KL T s, of C1'1—0.04%P alloy in NH4C1> solutlon.‘
Specimens had been tested in ammonia
TR, TTIRREINITIEILEN 2 Tablel it & o1, gas for various period.
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Film thickness (&)

Corrosion potential in 195 NH:OH, Volt (SCE)

Table 1 An example. of reduction potential for Cu.O
and CuO measured by some investigatiors.

Electrolyte Cu:=0 CuO No. of ref.
0.2M NH.CI —390+£30 —660£60 9)
0.05M NaH:PO+
0.05M Na:HPOs —232 —77 10)
(pH 7.2)
Same as above | —200~-~320 | —100, -600 11)
Same as above | —250~ —300 —580 12)
0.1M NH.C1 —180~ —220 —580 Present study
104

TTTT

5x 107 /5/
3x10°

108 /ﬁf/ \
%//, | +
5% 10— =

3x10?
©0.004% P-Cu
i 00.043% P-Cu
4017% P-Cu
102 1 L S I . I A fo
10 30 100 300 1000

Testing time of SCC in ammonia gas (min)

Fig. 12 Thickness of oxide film formed in ammonia
gas during SCC test.
Film thickness is calculated from eq. (1).

l
o B
—002 —1 —
—0.04 1 M
2 0043%P
—0.06 |- e T 0 0.0249 P
| C ¢ 0004% P
~008 | ‘
I S
As polished 30 00 300

Exposure time in ammonia vapor (mm)
Fig. 13 Change of corrosion potential of Cu-P alloys
with exposure time in ammonia vapor.

Measurements were carried out in 1% NH:OH.
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Table 2 Examples of stress corrosion cracking of phosphorous deoxidized copper tubes in service.
No.| Apolication Envi ¢ Date of Service life Size, mm P content | Hardness
|| APP nvironmer examination|(Year. Month)| (O.D.Xx Thickness) (wt%) (Hv)
1 1969 1 22X1.1 0.024 114
C d with i T
9 overed with jute in cinder the 1969 5 92 9%1.1 0.020 110
floor of bath room
S No. th
3 ame as No. 2 (Under the floor 1971 — 28.6X1.25 0.026 100
of kitcken)
4 Covered with glass wool 1972 5 12.3%1.0 0.019 -
5 Same as No. 2 1972 1.3 25%1.1 0.020 110
Hot water | Covered with light cement with 0.024
6 | Pipe line ammonia under the floor of 1972 4 19X%1.0 0‘028 124
washloom )
Covered with foamed polystyrene
7 in foamed concrete under the 1974 3 19X%1.0 0.02 -
floor of washroom
Covered with jute in mud under 0.021
8 the floor of bath room 1976 10 0.036
Covered with glass wool in foamed
9 concrete under the floor of bath 1977 1 34.9%1.4 J— 95
room
d with highly f d
10 Covered with highly foame 1980 0.1~0.5 15.9%1.0 0.02~0.03| 70
poly-ethylen-or poly-plopylen
Piping for d with
11 | air condi- Cc')vere wi : rubber foamed 1972 0.8 19510 0.015 100
tioner with ammoniacal gas 0.033
Water containing small amount i 0.021
12 Heat ex- of alchol and LiBr. 1972 Several hours 19x0.8 0.026 70
| changer for
evaporator 30~90
of air Atmosphere during storage in 0.024 for
13 | condition the workshop 1974 (U bend tube) 0.035 U bend
portion
Heat ex- 0.023
14 | changer for| Same as No. 12 1973 — (Elliptical tube) : 110
radiator 0.028
4. % =

No. 12 2 W iy BOB R 3 2% O BT IUAE OB A1 | ()
fc BRI TH b, HEM g ORERAPIRFH N
TE 5 T7o. AHEMICR VT EREOEREH S » T
23, Ao v oA sERoT o =7 (5~6mg/l)
BRI NIz &S, ChMEARE U TERL IR
sk X,

No. 13 i3 THiicis(F 5 SRR THDO U — 7 AT
BWTHRINICEMNTH D, Udhir®o CREg#) i
S TEDOR - AL Y RRENEZEL 2, KBHIZ VDY
Z CExEN EFREANSLDTHD, bABBHEIKOL
TRESBEINTOEY, AEKRBEHE L THNOE <
OfEFTiT B Eh” BEEOKE CERE 2 HEL TH
BB 2 FT/0 - T2 MBI U 2 d 5 72, No. 143 No. 13 £ [
BIHERRBT B IHNTH S,
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WYABBEO Y = 7 # 2EMEHICE T 3 I5EE
SBT3 MR D 5 AR ER, BRI
WH->T03B &, REOHKE & § NPT
Tk, DARDIAL &S TENBZESETC &, 2L
ThAaf 0.006% WV IMEBDOEEGT S HINERZENS 5
CEETH D, MiPhIA ORI 3 BB T 0% 17
TCRBABTE WL TS, AR T RN ER
LIz h AR O OMEBRHEFIS X2 78 » F iz, WA
WAL L M REANORBEERE L > T2 L 2B AP
T &, WEO D ADORRITI T 5 28— VLAGR T b AL
BRI AR NI BE S R 23 LT3 D4 E
AbNb,

L%7 e 7KK ZERBEHLEDAZTHRLED
Bz Fig. U X5 Thb, bARBDHE KL VEAERE
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IH B, Fig. 13~15 WRUCERBEN ERERE, A
7T oE LT REOMED S, RAHRDETTICDOWT
DXy a3, §4bb, 7o®z 7HHSHIIC
mxr;rz;ﬂa shtc CuO FIKD S BB HAHTED, <0
oy & IR o & WM ZEIT & D BRI T~ AR
AU RO G X D ERRETT 5, Hnkimss Tt
PEZT QERMBEL 3G, BRsERINEE NS T
59,
Anodic reaction
Cu+2NH: —> Cu(NHs)2"+e”
Cathodic reaction
15 0:+H.042e" —> 20H"
Precipitation reaction
2Cu(NHs) . +20H" —> Cu:0+4NH;+H.O
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Fig. 14 Effect of P content of Cu-P alloys on the
corrosion potential in both 1%NH.OH and
sea water. Measurement was made immedi-
atoly to the polished surface.

(SCE)

Corrosion potential in NH.OH solution, Volt

Concentration of NH3

(%)

Fig. 15 Changes of corrosion potential of Cu-P alloys
with the concentration of ammonia.
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THEZLOMABRILIOMFINT VS, FFGEBNT
12Cu-Bi 45 & 08 Cu-Sb & & icBid 3 Wk »5db 5 235, Cu-P
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FRFERZEOKE 3D 5 H ADRRAN O R T O REME

wBrd b, €T McLean O CHE - T550°C 1k
R T AR A D AOBEE Co %2 (2 K
WWHENETRE UL, s, T TGkl ThD,

Ce=Coe YRT (11, e¥RTy ... @)
ChFT B O B R DR
Co: T Y v 2R HBEEETORE
Qv MY v s 2h R ANEEETPEE
ERC AR (A - S = R 3
R SEEH
T R
Tk, TCTQEE) ORTHEENT A = 4oL & —(W)
Ik bk s ',
W=247KGr*e*/(BK+4G) e (3)

K @ SR IFET ORI R

G:= 1Yy 20w AR

€ (r—ro)/r CC T3 BT ORT R,
to v bY v o AR ORF

(3) ®H» 5 Cu-Bi, Cu-Sh &G TR IHIZ%
15,800, 8,800cal/mole T& %, Cu-Bi H4ic > T D
o2 AV TEIL 2 Co DfEiid, Joshis d — 2 x BFH
HEHEC L DFEMUILE EMOTI WV —H 2 A T 5,
Cu-P 5@ 2DV TIOMHE L2 M T W28 L 8,200
cal/mole B 5 iz,

K =25x%10" dyne/cm?

G =4.0x10" dyne/cm?

ro=1.27 x 10"*cm
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Cu-PE&&itsi35ColCy EDMIE R kD Fig. 16 iR L
7o FRRARICR T OARD 2 Y v o 20D 100 {5
MLTaT &l s,

FRBR 2B BT S H AR (P=at%) LfERM
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Fig. 17 SCC of pure copper in solution containg
NO:A_, NO- and NH.,
0.1 . . s A R
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Grain interior concentration (wt %)

Fig. 16 Relation between grain boundary concent-
ration and grain interior concentration
according to eq.(2).

4.3 fsRoEHEEE L

M SR ENNEZHS LN LT 5 OBBEHRT D
BH5, HETS 2AF v JPHEBEFER 2 7 > FHld
WIS OIS | S EICB W TEER R LD, Chads
AN X B L EMNER s NI, Pughs'® N7
v E = FKRTCRIAEN 2 B (H UEBREDERE L),
Hoar'”, A5 4 7 o ® = 7R P T, Escalante
20 SEEEEEI TN Y Cu0 OEGEGAEIET ToIG
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Bk -> CTIHENEENNEZAELD S C BRI ET > TET,
SCC o>\ TEBEFEOAR-BHED { bRLITE
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(hipydih), Escalante s (hift#ln) 330% %, Hoar 5
BBEEXRLUTONS,

KRERICH O TEBEHR Y AR X 5 4R
o, BNORLERDAEEGLIOCRINEZ 7Y v FE
HENTIZ BN U o T, BEEEE LT T%NO., 9
%NO:", NH.* 370 ppm O/K7EK (pH9.6) %#EF, 20%
DO EFEER 1259 8.5 kg/mm?® @52 AL T14HE O
B2 T ot &0 A, MEBRMARE RO DK
b, »o Fig. 1T iR TRAHINSEL Iz, BRI
Uiz AlRERSRIC IR T I U ORI BE DTz, 08,
SERIS AR L 2 2 A 2 A HIn O BT B U 2 o
Tro BBV EREM L SIS ARNEZER2E LTV
CEEMRBLUNLIKEEE D, EEEHEOBER, HEKED
VEFRSIE 5 e T & h - 1o, fEBEHONFHNnio»
TH4.2HEELI L > LA MBI O FRITISEL T
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72s
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PRI - THEL %,

(@) FERBBIROWAL ST H ABRDHAKEZ & b iR
SRET 2, DARZ0.006% &5 MEBEEET 3 HHE
T ISV AEMNEEERE T 503, b ARE 0.01%LF
WA C sk hEInERERATCETL, EH ERE
nnEEILLNS,

(3) BRIBEER® > LR OBMHE b KX 0, MR
70% T 7 T = 7 BERT b ISV E AR N
Thaw,

(@) REDNESTI DVEFR 1SR DT A U 5 R F s A 2 T
WE B EehD EEALND, ENLHRRRE BT
A EINFEL ARG IIER 9kg/mm® TH %,

(6) b AOKEKRTDOEIE % McLean QR ICHED
BB AR, BRI K DIV 1005 REWVWETH - 12,

6) 7o e PR TORRBEMNE 7 €= 7 EEE
T ARICE D 60~80mV OERLEL B,

(M HARBERD Y o7 HFAFHESHICBIT AR
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Flow Injection Analysis of Phosphorus
in Phosphorus Deoxidized Copper

by Sakae kato, Masayasu Toyoshima, Michio Washida

and Kiyoji Sagisaka

To determine efficiently phosphorus content in phosphorus deoxidized copper, the flow injection
analysis system has been developed for the molybdophosphoric acid spectrophotometric procedure.
Considerable efforts have been devoted to obtaining quantitative parameters as to the disper-
sion of sample plug and the operating temperature in the system particularly. It was found best
to operate under the conditions of limited dispersion with the value of about 2 and at controlled

temperature between 20 to 50°C.

The coefficient of variation was found to not more than 6% at the level of 0.025% phosphorus.
The system would be of great use to the purpose of control analysis, of phosphorus in phosphorus

deoxidized copper.

1. & L & [

TNTDOEREGE BE2BENOESL TRNE T
BCERD 2T 5H U OIS EOB&E1975EE D i
RuZicka bV itk » TREINTH L, LOFHEOGHYF
EHNBNBLTTHeB N TiTbN, $HAHFLEED 5
BFRERT ZCIAES T BEY,

CDRIBINITEORMIZ, () EESHAERCE,
TINETHLNLE - BREBTEEE BB &, (2
RN ROBEEZDHEFEONS AL HHENGHTESC
L, (3 BNRICESICEZOEMBEELLL, AL
Bl &, B @) EESFOEFELVVCER~DORE %
THEE T A&, THWETEZ2DEEALNS, LT
3, COFEDOSARALNAZELIGHAMIEZ 6L
TWAEMEE LT, izl CHEHESFHELsOE Lizx
LY ha s 2ADEREHOE - TH L& O HEE
BUBADEOE L CEINNRED, ZOMREMEL T
LOMNOW G EL2EERBLIDEL TN BT EEVED
e,

FEHE O, COFHEOISHRFO—REL T, bAKE
FOAEEERICE b5 FEORBOZHORE R AR
HHEANCEBRSNT 20, CORNLFERE2EA LIS
BOHEBEEGE Lic—, ZOEEBIERE 2RATL,

AR
LR R Tkl L IRAE

29

UTFohiconTHsd 3,

2. EnEEL

2.1 EhaRE

1 mEE (2+1) ‘

@2 ®TVIFUoBTFUOoEULBH I EYTT BT
Tzw A (4KH) 508 2ARWCEBIRL, KT 1Tl T
PR 1z,

(3) HEHED AJAHE (100 g P/mé) @ Hh ABR—H ) U A
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D Peristaltic pump (Shibata Kagakukikai Type TP-20)

(® Home-made automatic solufion sampler
(from Denkikagaku Type AG-3)

@ Injection valve with eight-port (Gasukuro Kogyo Type
TF-8)

(@ Glass tubing for color development: mixing chamber

® Spectrophotometer (Hitachi Type 200-20) assembled
home-made micro flow cell

(® Recorder or peak-area calculator

@ Ammonium molybdate solution

® Sample solutions

@ Calibrated volumes for sample plug

Fig. 1 Block diagram of composed apparatus for
the flow injection analysis of phosphorus in
phosphorus“deoxidized copper.
Wi B EREORIEI I, HILAHBENRET(200-2054)
PWEMICHAVT,
COLSRENTIHEB 2RI 5 Lick->T, Wi
SHTTIECHIE T~ 5 TR @ HHBROERTEA, b)
FEEBEHOEAD S IE F TORIGHR, © Kbz m
D& UIEEHSRO DB OK e S, OEMRSHATSEITS &
Edi, 8N T@OHBBRRIGHEE OREA &P
Y 2B T OOBHREEOWER BRI LI,
2.3 REFE
REODMBIEEOBENTE, 520D JIS bANF K
Y TF BRI ES W LIz T h ASEERRIEE
Uto b AEESRIZESRR 2.00g 2@ b LD, Flofmhgy
otk o a4l (99.96% LI, JIS H 2121-1961 (%
SthE) YD 200g 2300 HED, THITEHED A
WEO—ER2RML THEEERE L L, ZhZ
TR L T2 %K TIEL < 100ms i THEER L 12,
RBEETFHERORR> S AT 757 VBIEEL
Fike L, mhOisatiE o » of/ERBE25CE L
12
PVETENE - b AEREFE 2.00g 2 b HLh, ©—»
—BUAN, B (2+ 1) 15mf 204 CHEILT®
BOMEL THIRL 728, Bl X AL TH 3 min 7D
T3, 20CICHHL 2%, /KTIEL L 100ms iwi#y, HBE)
R IAEE (Fig.10@) B UANS, 500025

30

CREBLUILESE - » YV Y—ERELTEY 757 BT
E DY ATENE (5%, m/ V) By 2 2Ry S (Fig. 1
o@) 1k bh12ms/min DEFRTH L Td 5 NI
A7 (Fig. 1 0@) 2 KEEIA I R L T aRHE)
2EAL, BOOH L TENE 400 nm 251 5 BIERED
e dEAEL Ciiigd 5, U~ 7 EEEL SHRID b
ABHHEERD B,

3. ERHER RUER
3.1 EWEBRER
3.1.1 EHOMBIRIZOVT

EERE 2.008 2 IRE O R IRER 2 DA TMESIEL
et FNENF3min {EBL 2, BRERCHEL, EL
< 100m¢ i) THRBEEE U, MATHLTHARER
Uiz, MBRORMES, DREOREAPMRTE LU
S, QRIS L6 N iR e 0% X 5w ilifiv 1z, 185
MWD S, & 50U »ERIERERE 2 F v TIERL
TRERME O TH ATGHERERDIZ, Tablel iy, ¢
BEAt R 2 RUIZADTH B,

Table 1 Effect of concentration of nitric acid for

the dissolution of phosphorus deoxidized

copper and for the oxidation of phosphorus
to orthophosphoric acid.

Method IS # Flow injection analysis
et 2| 1y R ERERRG T
sample in HNO:| (241 | (1+1) | (1+3)
Phosphorus fou- *2
nd average (%)| 0.0263 | 0.0158 | 0.0242 | 0.0219 | 0.0202
Number of
determination 37 10 10 10 10
Standard deviat-
ion (%) 0.0017810.00642}0.00159|0.001220.00045
Coefficient of
variation (%) 6.8 40.6 6.6 5.6 2.2

*] Molybdovanado phosphoric acid - spectrophotometric

method®.
*2 Certificated value.

EE (2+ 1) WX H0MBEENDADEEER
HA, 2L THENBOEREZS A, L, hAE
BEO S ERETE L TRI0%EIREL, bAD
FRIGEETH 5 ) A~DEET B SEC2>0TIRE S
ICHBEIAED X S iwEZEanl,

LOX ST BHEHORMSH 545, EEFEDKX X
CHAENRNC R ERERLUT, MB (2+ 1) Tk
O RRIER IE L T2,

B A, b ADHMEBIC L 5 BIKE 2 )~
P+2H.0=H:PO:+H'+e, E°=051V ..-n o)
HoPO:+H:0=H:POs+ 2H"+ 2, E°=0.50V ----.. @)
HPO:+H:O=H;POu+ 2H'+2¢, E°=0.276V - (3)
NO+2H.0=NOs +4H'+3e, E°=—096V - )
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oKD B ERX 6) BEBLN, CORGOFEIERRIER
CRE L, BADARERMTh ABIKEBELINI L LI
5,

é_ * ._i 3~ _2.‘ 2J)==Hs _i
P+3H+3NO +3HO HPO4+3NO,

A4G®25¢=158,200 Cal
[H3PO4] M PNOS/S
ap + [NOs" ) (H")*
312 PHOKXESLEBRELONT
JOVBCBETHRASHTADOE s THEDOEE %
HoDUHEEL L 2BEOABOMERKHHBEDIT o0
T, EEREREOX » Wy —BRECETIOHOED 5B
Bz,
COHEOTHIL, SRERERE 2 HLT, @ Bl
h 0.25 N WHHEMM —004 M=) 7F 07 v E =0 ALK
WEUTRABIRITDATY 77 08 HP(Mo:O0w0)” @
BEMEESRICD, b)) COBEEEO—BE KA
AL THAETRIEL KB ERE & i 3 Hor
otz, Fi, ¥ - DHBENRE, Lo ) tELh
TEEBEICEL T, (© AU ARELERE2RNIHRL
T2faw, MELEEWE LT 3 FRicE -2,
Zh0i, CORELRIBNARORIGES 27T 85K
b2
KRERD» L, THOKE S LBOBREL (Y~ 7208
B H) OBE%E T & » T Table2 TR L 12,
Table 2 (/R U 124781 D DFF R KIC X - 12 & fiihva

&)
==9.5Xx10"°

W RBERCERCEBTX 20 &0 5, 2O %7
E 7V (tank-in-series model) CHL O 5 T & BTk,
B &SP & 0BRSStk ->THA 613,
C i \N-1 -
- —'<-§> E'N__ll) ! exp (—1/t;)

o=
LT, Cold LRI OB, & X HENSE —>0
N OFEHERER, 2L T NEZMOK, Th2,
Fig. 1 @RUL BN RE—2DOcE%T 30T, &
B DBHITONTHRD X S kbR S,

C:

G, =¢exp (—t/t) = (7
MO, BARV EREvitI > THRE 225,
L=V/u OB ®» 3, ZLT, F+ U ¥r—HKbho@Eg
(ZfE) 2Cie L, HEARBEROY ~ 7 SHIRES Co & ¢
3, CriztEEROEAREZV &5 & =V/V TE
THCERERLT, RO 5 HNERK & SHIEE D
FEREDLTEHELURBRD L S 1TKE 5,

Ci=C— (C—C) exp (—ut/ V), t<

Cp=C:—(C:—C) exp (= Vi/V), t=I;

Ci=Ci—(C:—Cp)exp(—ut—1)/ VI, t>1; (10)

HEMHREASRERE : C=0, C:=Cj; 2 RET B &, 4
H D=Cr,/Cp i35 (9 D 5D & 5 0B T EHTE B,
D=Ci;/Co=[1—exp (=Vi/V)]?

Fig. 2 12, Table 2 iT7R L I /Bl >0 T, BRE
(EmE) EHmNEMOBEERX @) ~W ik bR

Table 2 Dispersion effects for the peak maximum concentration in
flow injection spectrophotometric analysis.

Flowing velocity (m{/min)
Concentration
of phosphorus 20 16 12 8
D Ratio*? D* Ratio*? D* | Ratio® D#* Ratio*?
(r:8/100m&) %) %) @ %)
A. Limited dispersion : 1<D<(3
200 2.7 47 2.3 53 2.2 | 62 1.4 40
400 2.6 42 2.6 58 2.1 56 1.4 45
600 2.2 44 2.1 53 1.8 63 1.4 50
800 2.1 50 1.9 50 1.8 60 1.3 53
Average 2.4 46 2.2 54 2.0 60 1.4 47
Caluculated ** 2.1 2.1 2.1 2.1
B. Medium dispersion: 3 <D <(10
200 6.6 57 - -
400 8.6 60 8.6 67
600 8.0 59 8.6 72
800 8.5 62 6.8 70
Average 7.9 60 8.0 70
Caluculated ** 7.7 7.7
*¥] Dispersion found by experiments.
*2 Ratio of peak maximum concentrations of the synthetic standard solution to the color
developed solution in the flow injection analysis, respectively.
*3 Equation (11) applied, with substitution 1.7 m{ for V; and 2.7 m{ for V.
*4 Using equation (11) substituting 0.16 m{ for V; and 1.1 m{ for V.
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Fig. 2 Profiles of dispersing concentration -time
behavior calculated at D=2 using equa-
tions (8), (9) and (10).
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Table 3 Reproducibility of the flow injection analysis 0.006
of phosphorus in phosphorus-deoxidized
copper. \
0.005 A
Applied test, day 1st day 3rd day 4th day \\
Method JIS® FIA* JIS*® FIA* JIS*¥| FIA¥ \O
H 1201 H 1201 H 1201 0.004
phosphorus fou- . \
nd average (%) 0.0258] 0.0255| 0.0248! 0.0251| 0.0245 0.0240 $
Number of deter- 8 1 Z 0.003 ™
mination 18 8 16 10 10 ©
Standard devi-
ation (%) 0.0012 0.0014; 0.0009 0.0013 0.0016/ 0.0015 0.002
Coefficient of
variation (%) 4.6 5.8 3.8 5.2 6.3 6.3 \
. . . 0.001
*] Molybdovanado phosphoric acid - spectrophotometric
method®.
*2 Developed flow injection analysis. 0
0 001 0.02 003 0.04
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Material Selection of Condenser T ubes
Cooled by Sea Water”

1. Introduction

It seems reasonable to select the condenser tube
materials depending on the evaluation of the cost and
the performances of tubes of each candidate material.
Recently, as power plants have increased in generating
capacity, the demands for the increased reliability of

~gondensers have emerged. It is essential for large
nuclear power plants as well as for modern high
pressure-high heat flux thermal power plants to keep
the stringent demand for water chemistry of conden-
sate.

On the other hand there is a worldwide trend to
locate such large power plants along the sea coast to
allow the use of large amount of sea water as coolant.
The ingress of sea water into condensate should be
strictly avoided.

For example, a condenser of 1,100 MW of PWR plant
has 80,000 tubes (254 mm in outside diameeter, 15 m
in length) which provide 100,000 m? of surface area
for heat exchange between condensing steam (outside)
and flowing sea water (inside). Even a small pin hole
can never be tolerated, e.g. 0.1 mm? of pin hole will
result about 3,000m¢ per hour of ingress of sea water,
and in such case very ardous jobs to find out and to
plug the damaged tube should rapidly be made under
unexpected reduction of output.

Under such background, re-evaluation is required
on th condenser tube materials. As the performances
of condenser tubes are much affected by not only the
properties of sea water used as coolant but also the
countermeasures applied to prevent corrosion and
fouling, the evaluation should be made on several cases
of compatible combinations of tube materials with the
requisite/desirable countermeasures.

This paper discuss the material of condenser tubes
in the light of recent knowledge of tube materials,
countermeasures given by auxiliary equipments against
corrosion and fouling, and varieties of cooling sea
waters.

*This paper was presented as a key note paper to the
International Colloquim “Choice of Material for Condenser
Tubes and Plates and Tightness Testing”, sponsored by
Société Francaise 4 Energie Nucléaire, September 22-24,
1982, Avignon, France.

*#*Technical Research Laboratories, Dr. Eng.
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2. Materials for Condenser Tubes

2.1 Tubes Being Used Commercially

2.1.1 Copper alloy

Until the end of 1960s, the market of condenser
tubes for sea water application had exclusively been
occupied by copper alloy —aluminium brass, 90-10 cup-
ronickel, 70-30 cupronickel and both Cu-Sn-Al alloy
(AP bronze) and Cu-Al alloy for very limited use.
Basic problems of copper alloy condenser tubes used
for sea water application have been the corrosion
problems by sea water under some specific conditions
23 Recently, in addition to them, dissolution of
copper from outside of tubes into condensate is claimed
to be another new problem for some power plants.

2.1.2 Titanium

Since the beginning of 1970, seam welded tubes of
titanium have successfully penetrated into the market
and, recently, they are  expanding the. market share
in the world. Some problems associated with titanium
tubes at the early stage of application, such as
hydrogen pick up in titanium by excessive cathodic
protection and/or galvanic corrosion of copper alloy
tube plates, have already been solved®.

2.1.3 Stainless steel

Austenitic stainless steel tubes containing high
chromium plus molybdenum, known as AL-6X, are
reported to be reliable as condenser tubes for sea
water application and they have been used satisfact-
orily for several years in many condensers of U.S.A.%.

2.2 Tubes Being Developing

221. APF

To cope with the corrosion problems of copper alloy
condenser tubes by sea water, an investigation has
been made to develop the artificial protective film
(APF) onto the inside surface of copper alloy tubes.
As a result, technique of artificial protective film
(APF) by coating with special resin has been estab-
lished®. Several hundreds kilometers of APF tubes
have been in trial operation in Japanese power plant
condensers since mid of 1970s and the results obtai-
ned were promissing. Thus, commercial application
of APF condenser tubes has started in some conden-
sers. Some properties of APF tubes are shown in
Table 1. An example of field test results in commer-
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Table 1 Typical characteristics of APF treatment.
<~APF
Tube size Outside diameter: 15~33mm
Length: less than 25m
Thickness of APF 20 pm
Heat transfer resistance? | Less than 33X 10-°*m?hr'C/kcal
Polarization resistance? More than 15x10* 2cm?
1) Normal operating condition, steam : —722mmHg(32.6C), (a) APF (X100%7/8)
cooling water : 2.0 m/sec.
2) Cathodic polarization resistance (R) in flowing sea
water of 2.0 m/sec.
Rz._"IE_, JE=0.2V
3500
&
s 3000
o : APF tube 1 (b) Without APF (X100%7/8)
20 4
2 &= 2500 . . ..
S Fig. 2 TField test of APT on aluminium brass tubes
= _E 000 in polluted sea water in Sakai-ko power station
Eéz Tube without APF during May, 1978~January, 1982,
= I
©
g 1500 1
S
1000
08
- T
£ Tube without APF .
06 T
& B I
g / o
8 0.4 Titanium
B ~
. 02 (xX20%7/8)
§ APF tube Fig. 3 Cross section of bi-metal tube-aluminium
po Yo' brass outside, titanium inside.
g 1 2 3 4 5

Operating time  (Year)

Fig. 1 Tield test of APF on aluminium brass tubes
in polluted sea water in Sakai-ko power station
during May, 1978~January, 1982.

cial power condensers is shown in Fig. 1 and Fig. 2.

One of the merits of APF treatment to be noticed
is the application of APF treatment for used tubes
as well as for new tubes. In case, complete cleaning
before APF treatment is essential.

2.2.2 Bi-metal tubes—copper alloys (or alternative)

outside and tfitanium inside

Very recently, developmental work to manufacture
bi-metal condenser tubes—copper alloy outside and
very thin walled titanium inside—has been made as
shown in Fig. 3. Bi-metal tubes have excellent resist-
ance to wide varieties of cooling water and have
suitable properties in heat transfer and rigidity. It
is the case often experienced where replacement of
copper alloy condenser tubes with welded titanium
tubes is desirable in order to prevent corrosion damage

36

Table 2 Typical characteristics of bi-metal tubes
thin walled titanium inside.

| OD: 15~33 mm,

Length: less than 25m
0.2 mm (inside)

Heat transfer resistance % %flségg;zﬁf%r/gc/;c?éé;{g;igmm)

Tube size

Thickness of titanium

but, due to insufficient rigidity of welded titanium
tubes, risk of tube failures by vibration discourages
the tube replacement unless increasing number of
support plates is feasible. Under such condition, bi-
metal tubes could preferably be used as the substitutes
for conventional copper alloy tubes. Some properties of
bi-metal tubes are shown in Table 2.

2.2.3 Stainless steel

A lot of investigations are being carried out in the
world to develope stainless steel condenser tubes
resistant to sea water®”®, In addition to AL-6X,
austenitic, ferritic and duplex alloys as shown bellow
are also proposed and being tested.

Austenitic stainless steel
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~— 1.4529 (20Cr-25Ni-6Mo-1.2Cu-0.2N)
—— 254SMo (20Cr-18Ni-6Mo-0.7Cu-0.2N)
Ferritic stainless steels

— 29-4C (29Cr-4Mo)

—— Sea Cure (27.5Cr-1.25Ni-3.5Mo-T1i)
—— Monit (25Cr-4Ni-4Mo-T1i)

Duplex (austenitic+ferritic) stainless steel
— DP3 (25Cr-6.5Ni-3Mo0-0.5Cu-0.3W-0.2N)

Crevice corrosion is regarded as the most import-
ant problems to be solved and high chromium plus
molybdenum composition is considered to be essential.
Enough experiences of field test in power plants are
being required for commercial application.

2.3 Tubes To Be Selected
Ten kinds of tubes are qualified as the candidates
for condenser tubes cooled by sea water.

(1) Aluminium brass

(2) Aluminium brass with APF

(3) 90-10 cupronickel

(4) 70-30 cupronickel

(5) "High iron-manganese bearing 70-30 cupronickel
(6) Modified cupronickel (C 72200)°

(7) AP bronze (Cu-8%Sn-1%Al1-0.1%S51)'>

(8) Titanium

(9) Bi-metal with thin walled titanium inside

(10) Modified stainless steel (AL-6X)
As an option,modified ferritic stainless steel could
be added to the above materials.

3. Selection of Tube Materials

As mentioned previously in this paper, selection
of tube material should preferably be made depending
on the cost and the performances of each candidate
tube. Evaluation of the cost and the performances
should be made on several cases of compatible com-
bination {of tube materials with the requisite count-
ermeasures.

Author hesitates to comment on price of each tube
because of complicated mechanisms operating to de-
cide the price. However, the price of each tube could
possibly be classified roughly into four groups as fo-

llowing ;
Price ( )* Materials
Low (1.0) Aluminium brass,

Medium low (1.3~1.5) APF on aluminium brass,
90-10 cupronickel,

Medium high(1.5~1.8) AP bronze,

Modified cupronickel (C72200)

Modified ferritic stainless

steel,

70-30 cupronickel,

Titanium,

Bi-metal (aluminium brass

and titanium inside),

Modified austenitic stainless

steel (AL-6X),

High (2~3)

*( ) : Relative price against aluminium brass tube
as 1.0 in area base.

It is noted the low priced and medium low priced
tubes are those of copper alloys. Furthermore, it should
not be over-looked that copper alloy tubes have some
advantages over titanium and stainless steel in the
anti-fouling properties, in the thermal conductivity,
in the ease of jointing to tube sheet and in the eco-
nomy in fabrication of condensers. So, it is important
to evaluate the effective use of corrosion preventive
measures for copper alloy tubes. Based on a long
experiences of using copper alloy tubes, countermeas-
ures required to prevent corrosion damages are well
known as published elsewhere in detail'®.

Main countermeasures ‘and their beneficial effects
are summerized briefly as following ;

——— Fe?* injection: useful to prevent impingement
attack and malignant erosion corrosion particularly
for aluminium brass, moderately useful to reduce
corrosion by polluted sea water and sand erosion but
not useful to prevent local erosion corrosion caused
by blockage of foreign bodies'®.

——- Cathodic protection installed in water box :
useful to prevent inlet attack'’.

—— Mussel filter (debris filter): useful to prevent
local erosion corresion due to blockage of foreign
bodies®.

APF treatment (for new tubes or for used
tubes): useful to prevent erosion corrosion, corrosion
by polluted sea water and also sand erosion®.

—— Non excessive use of chlorination: useful to
prevent malignant erosion corrosion'*'®.

—— Non excessive use of sponge ball cleaning :
useful to prevent erosion corrosion’®’.

—— Monitoring of protective film by measuring
polarization : useful to keep good protective film'***".

—— Nickel plating on outside: useful to prevent
dissolution of copperin to condensate containing
ammonia*®’.

Detailed survey has been made on the compatible
combination of conventional copper alloy and corrosion
preventive countermeasures in varieties of sea water
(fifteen cases)'’. Results showed that except two
severe cases, aluminium brass and 90-10 cupronickel
are available under application of suitable counter-
measures. Aa regards two severe cases, one is the case
of sea water containing aggressive sand particles®™
and the other is the case of sea water polluted con-
tinuously with hydrogen sulfide. Experiments have
shown that copper alloy tubes with APF film are
durable against sand erosion and polluted sea water®”

It is considered that under the suitable counter-
measures the copper alloys as the less expensive
materials are available in the wide range of sea waters
including clean, polluted, chlorinated, non-chlorinated,
sand free and/or sand containing-continuously or in-
termittently. In this context, however, “available” does
not mean the equal level of “performance” in each
combination. Reliability is important but, as a matter
of fact, the reliability of condenser tubes in a large
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power plant is the matter of too sophisticated to be
generally discussed. Detailed investigation is needed
in each case.
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de France, for his invitation to present this paper
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Evaluation of Various Preventive Measures
against Corrosion of Copper Alloy Condenser

Tubes by Sea Water”

by Shiro Sato,** Koji Nagata,** and Shigenori Yamauchi***

Variours corrosion preventive measures for copper alloy condenser tubes were evaluated with
reference to the experiences in the power plants and experimental investigations in Japan. Measures
discussed were (1) artificial protective film (APF) of thin layer of resin, (2) AP bronze tube

with improved resistance against polluted sea water, (3) cupronickel tubes modified with addition
of chromium (C 72200) or with increased addition of solutionized iron, (4) Fe® injection into sea
water to form the protective film, (5) cathodic protection to prevent the corrosion at tube ends,
-(6) on-load monitoring of protective film by means of measurement of polarization resistance,
(7) modified screen system to avoid the lodgement of foreign bodies in tubes, (8) optimum sponge
ball cleaning to avoid both of fouling and corrosion of condenser tubes. Particular emphasis was
laid on their useful range and limits of application. It was concluded that available range of
countermeasures should be applied with the thorough understanding of stability of protective film

under the conditions expected.

1. Introduction

In Japan, now, total output of electric power gene-
ration is about 120 thousand MW, 80% of which is
generated by thermal and nuclear power plants. As
concerns the nuclear power generation, the number
of total units is 22 and total output reaches about 15
thousand MW. Almost all the thermal and nuclear
power units have been using once through sea or
brackish water as the coolant of their main steam
condensers.

Condenser tube materials have been mostly alumi-
num brass in Japan. 10% cupronickel have not been
used because it does not show remarkable superiority
in corrosion resistance to aluminum brass. 30% cup-
ronickel has been used as one of the standard materials
for air removal section and their service results have
been satisfactory in clean sea water but have been
quite unsatisfactory in polluted sea water containing
small amount of sulfide. Unstable corrosion resistance
in polluted sea water and expensive price prevent the
wider application of this alloy. AP bronze (Cu-8%Sn-
1%A1-0.1%Si) has been in service in the power plant
condensers using polluted sea water as the coolant.

In the market of condenser tubes for sea water
application, conventional copper alloy condenser tubes
have been being challenged by seam welded tubes of
titanium and special stainless steels. In Japan, since
1969 welded titanium tubes have been selected as one
of the standard condenser tubes for air removal

*This paper has been presented during “Corrosion/81”
(Paper 195), April, 1981, Toront, Ontario.
**Technical Research Laboratories, Dr. of Eng.
*##*Technical Research Laboratories.
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section of thermal power plants by their immunity
to ammonia attack which often occurred severely on
copper alloy condenser tubes except 30% cupronickel.
More recently, entire application of titanium tubes
for condensers has started in order to meet the requ-
irement for increased reliability. In Japan, the cond-
enser of two large thermal power plants (700MW x
2) have been installed entirely with titanium tubes
and already been put into commmercial operation
since 1981 and the condensers of two large nuclear
power plants (1100MW x 2, BWR) have been construc-
ted with titanium tubes. Stainless steel tubes, howe-
ver, have rarely been used as condenser tubes in
Japan.

It is estimated that the percentage of materials of
condenser tubes being used now in Japan would be
as follows in area basis;

aluminum brass: 90%

titanium 4%

AP bronze 3%

30% cupronickel : 2% (only for air removal section)

nickel plated aluminum brass: 1% (only for air
removal section)

Though titanium tubes are expanding the market
share recently, it is realized that the corrosion prev-
ention of copper alloy condenser tubes is of prime
importance for today’s surface condensers of power
industries. In addition, .it should not be overlooked
that copper alloy condenser tubes have some advan-
tages over titanium tubes in the anti-fouling propert-
ies, in the thermal conductivity, in the ease of jointing
to tube sheet and in the economy.

Corrosion problems of copper alloy condenser tubes
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used in sea water are classified as shown in Table 1.
Mechanism of each corrosion phenomenon has been
elucidated considerably. The mechanism shown in
Table 1 suggests that the formation of stable protec-
tive film is the most significant factor for corrosion
resistance of copper alloy condenser tubes. Detailed
discussion on the corrorion phenomena was made
elsewhere by one of the authors®.

The survey results of condenser tube failures in
the power plants of three major power companies in

Japan are shown in Table 2. Failure rate of aluminum
brass tubes in clean sea water under Fe®" injection
and that of AP bronze in polluted sea water are less
than 0.5 tube leakage per 10,000 tubes for one year,
which is regarded to be acceptable. Failure caused by
inlet attack has not occurred sincel956. This is consi-
derde to be much attributed to the application of catho-
dic protection and protective film formation by Fe®*
injection. Failure analysis iin Table 2 .suggests that
local erosion-corrosion by lodgement of foreign bodies

Table 1 Corrosion phenomena and their mechanism on copper alloy condenser tubes-used in sea water.

Corrosion phenomena

Important mechanism of corrosion

Inlet attack

Film breakdown due to surface shear stress
increased by developed turbulent flow at the inlet

Local erosion-corrosion by
lodgement of foreign bodies

Film breakdown due to surface shear stress increased
by abnormally high flow velocity and by strong
turbulent around the lodgement

Erosion-Corrosion | Local erosion-corrosion by

vibrating fibrous materials

Film breakdown due to repeated beats by vibrating
materials

Sand erosion

Film breakdown by sand particles entrained in sea
water

Malignant erosion-corrosion by
Mn rich film formation

Formation of Mn rich film due to oxidation of Mn*
by chlorination, and local film removal

Corrorsion b . .
y Sulfide corrosion

polluted sea water

Predominant formation of active sulfide film

Table 2 Statistics on the number of condenser tube failures in three major
Japanese power companies in 1956-1931, 111 units.

Clean sea water
Cooling water — — Polluted sea water
Non Fe? injection] Fe* injection
Tube alloy Aluminum brass Aluminum brass| AP Bronze
Total tube number (N) X Operational
duration in years (Y), NxY in tube- 7,294,582 10,967,241 2,059,404 2,796,167
years (~26 years) (~17 years) (~21 years) (~17 year)
by turbulent flow at the
inlet (Inlet attack) 0 1 0 372
by foreign body lodgement 524 351 2 0
ibrati .
Erosion- by vibrating foreign body 0 0 0 0
corrorsion by sand (sand erosion) 0 0 0 0
o by excessive sponge ball "
g passing o 0 0 5¥L 25
o by Mn rich film formation
E (Malignant impingement 2435 17 5 0
s attack)
‘Ta Pitting by sulfide 0 0 838 0
E Stress corrosion cracking 38 1 225 0
E Fatigue cracking by vibration 0 1 0 0
Ammonia attack 29 12 50 1
Mishandling 2 3 0 10
Unconfirmed 96 111 0 12
Total 3124 497 1125 85
Failure rate (Number of leaked tubes
per 10* tubes per year) 4.28 0.45 l 5.46 0.30

*¥] By carborundum ball.

*2 Leakage occurred at the inlet due to excessive sponge ball passing.
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is one of the most significant causes of leakage trou-
bles of aluminum brass tubes even at present. Leakage
trouble due to local erosion-corrosion by vibrating
fibrous materials has not been experienced. This seems
to be because the fibrous materials vibrating in the
tube could not stay for enough period requirde to
complete perforation of the tube wall. Failures caused
by sand erosion have been experienced in a few power
plant condensers other than those included in Table
2. Malignant erosion-corrosion had been one of the
major causes of corrosion troubles of alnminum brass
tubes more than 10 years ago, but has been prevented
by the application of Fe* injection. This type of attack,
however, is occasionally experienced under some parti-
cular unfavorable conditions even at present. Corrosion
by polluted sea water containing sulfide had been also
one of the severest corrosion problems of aluminum
brass and/or other conventional copper alloy tubes
more than 15 years ago, but has been solved by the
adoption of AP bronze tubes.

Fig. 1 shows the variation of failure rate of conden-
ser tubes of fossile plant during 1956 to 1981, based
upon the same statistical survey date as shown in
Table 2. Since 1970, failure rate has been less than 1.
The major cause of leakage is local erosion-corrosion
by lodgement of foreign bodies :and much different
from the causes before 1970, which were both malig-

nant erosion corrosion and pitting corrosion by polluted
sea water.

Much efforts have continuously been made to esta-
blish the corrosion preventive measures for copper
alloy condenser tubes in sea water based on material,
chemical, electrochemical and mechanical process. The
countermeasures are shown in Table 3. Three different
types of tubes with improved properties have been
developed by material process. They are APF tubes
which have artificial protective film inside, AP bronze
tubes which have increased resistance against polluted
sea water and modified cupronickel tubes which have
much improvement in erosion-corrosion resistance.
As chemical process, Fe?' injection into sea water has
become common practice in the world to enhance the
formation of protective film. As electrochemical pro-
cess, cathodic protection of both tube ends has been
used in many Japanese power plants. As mechanical
process, modified:screen system, for example mussel
filter by L. Taprogge, is considered to be useful to
reduce erosion-corrosion due to lodgement of foreign
bodies. Plastic insert of thin thickness is useful to
prevent inlet attack. Glue such as acryle, silicone and
synthetic rubber are useful to fasten insert.

In this paper the countermeasures listed in Table
3 will be discussed based on the investigational results
and the experiences in Japan. Particular emphasis will

100
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Fig. 1 The variation of failure rate
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of copper alloy condenser tubes using sea water as coolant in Japan.
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Table 3 Effectiveness of various preventive measures to corrosion problems of copper alloy
condenser tubes, using sea water and/or brackish water as coolant.

Corrosion preventive measures
Corrosion problem APF AP bronge | Modified | Fe® Cathodic | Mussel | Plastic
treatment cupronickell injection protection filter insert
Inlet attack AN JAN O O O
Local erosion-corrosion b
. Y A A o

lodgement of foreign bodies
Local erosion-corrosion by A A
vibrating fibrous materials
Sand erosion AN O AN
Malignant erosion-corrosion O O
Erosion-corrosion by air under o A
high syphonic conditions
Sulfide corrosion O O A

Q: effective,

be laid on their useful range and limits of application.
In addition, as the effective device to control protective
film, on-load monitoring of film by measurement of
polarization resistance using impressed cathodic cur-
rent protection system will be introduced. Optimum
condition of sponge ball cleaning will be also discussed
in connection with the state of the film on the tubes
by which corrosion and heat transfer are much affected.

2.

Evaluation of corrosion preventive
measures

2.1 APF treatment

It is widely realized that corrosion resistance of
copper alloy condenser tubes is dependent upon for-
mation of protective film. The formation of protective
film, ferric hydroxide, has been generally made by
means of Fe?" injection into sea water.

A coating technique, which is to form the artificial
protective film (APF)? instead of ferric hydroxide
film, has been developed recently as a result of our
investigation. About 90,000 tubes with APF treatment
has been in trial operation in commercial power plant
condensers since the middle of the 1970’s, and the
results are very promising. Typical properties of APF
tubes are shown in Table 4. APF treatment has been
applied mostly to aluminum brass, and is applicable
also to cupronickel.

Figs. 2 and 3 show the field test results in a commer-

Table 4 Typical properties of APF tubes®.

OD; 15~33mm,
Length : less than 25m

20 #m

Tube size j
Thickness of APF |
3x10-* m?hrC /kcal

Heat transfer resistance*

Polarization resistance* \ 15% 10" Qcm?

* Under normal operating conditions.
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/\: considerably effective, or effective in particular conditions.

cial power condenser using polluted sea water for
about four years. These results show that APF treat-
ment is effective to prevent sulfide corrosion and
malignant erosion-corrosion.# .

(9)
3

CJAPF  tube
EE Aluminum  brass tube

[0}
(]

[o)]
o

40

20

0~05 1~15 2~25 3~35 4~45 5~55 6~6.5
Magnitude of deflection of chart

Ratio of tubes showing deflection

(mm)

Fig. 2 Results of eddy current test of aluminum
brass tubes with and without APF film used
for 4 years in a power plant condenser using
intermittently polluted sea water containing
hydrogen sulfide.

Fig. 4**shows the results of comparative test on
inlet attack of aluminum brass tubes with and without
APF. It is noted that APF tubes are more resistant
to the inlet attack than aluminum brass tubes without
APF. Furthermore, inlet attack of APF tubes can be
prevented certainly with the help of cathodic protec-
tion of small current capacity, because APF has high
polarization resistance.

Local erosion-corrosion by lodgement of foreign
bodies and by vibrating fibrous materials can be
suppressed by APF treatment as shown in Fig. 5»%.
Resistance to this type of attack could be raised still

more by means of the selection of suitable coating

resin.
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corrosion by foreign bodies of aluminum brass
tube with and without APF in clean sea water
(Tanagawa Model Condenser®®.)
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APF treatment may be effective to prevent sand
erosion. It was proved that APF is resistant to sand
erosion under the conditions of 350 ppm in sand
content and 250 pm in sand diameter, under which
condition aluminum brass without APF suffers severe
sand erosion®

2.2 AP bronze

AP bronze resistant to sulfide corrosion has been
developed successfully and has been put into practical
service since 19639, AP bronze tubes used in power
plant condensers amount to 345 thousand pieces until
now and the results are almost satisfactory. Failure
rate of tubes in the condensers using polluted sea
water has been decreased drastically by means of adop-
tion of AP bronze tubes as shown in Table 2. Fig. 6
shows some typical corrosion data of AP bronze tubes
applied in power plant condensers.

AP bronze tube has not been in sevice in the con-
denser using clean sea water, because its price con-
siderably higher than that of aluminum brass tube.

L0 —5ca PS No3 Unt

08— (start in Dec. 1967)

0.6 i p—

04 L : /F_b $—83
—~ 02 1 4 1 1
e
£ 0

Amahigashi P.S. No'l Unit
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2 06
8 04 - S S
5.02 RS R —
- LT
o Sakako. P.S. No.& Unit
O 08[ (start in Jan. 1968)

06 I I ] ] Il )

04 : } i

0.2

0 [ ¢ [

0 2 4 6 8 10 12 14 16
Running period  (year)

Fig. 6 Corrosion data of AP bronze tubes applied
in the power plants using polluted sea water
containing hydrogen sulfide.

2.3 Modified cupronickel

It is known that CN108 (Cu-30% Ni-2% Fe-2% Mn)
has the enhanced resistance to sand erosion. However,
this alloy has not been applied in Japan. Modified
cupronickel C72200 (Cu-165% Ni-0.8% Fe-05% Cr)
developed recently in USA was reported to have the
increased resistance to erosion-corrosion. Qur experi-
mental results® revealed that the cupronickel alloys
modified with the addition of chromium or with inc-
reased addition of iron have much better resistance
to sand erosion than the conventional cupronickel as
shown in Fig. 7.

Cupronickel alloys including the conventional alloys
are less sensitive to inlet attack and two types of
local erosion-corrosion®®. Efird’s data™ on critical
shear stress of film, and our previous discussion®
suggest that C72200 is resistant to inlet attack and
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erosion-cororsion by lodgement of foreign bodies.
However, it has not been proved by experimental resu-
Its or practical service results.

The conventional cupronickel alloys are likely to
suffer sulfide corrosion in comparison with aluminum
brass as shown in Fig. 8. This type of shortcoming
of cupronickel seems not to be overcome by the
modified cupronickels. In particular, attention should
be paid to the severe local erosion-corrosion accom-
panied by sulfide corrosion ocurring around the lodge-
ment of foreign bodies in slightly polluted sea water.
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Fig. 7 Effect of iron content of Cu-15% Ni-Fe
alloys on the resistance of sand erosion
in sea water.
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Comparison of corrosion rate of aluminum
brass tubes with that of 30% cupronickel
tubes in flowing polluted sea water con-
taining hydrogen sulfide.
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2.4 Fe?* injection

Fe** injection has been carried out in order to form
protective film for many years. Suitable and practi-
cable conditions of injection are continuous injection
of 0.01-0.03 ppm as Fe** or intermittent one of 0.5-
1.0 ppm as Fe?* for 1 hour per 1-3 day®.

In Japan, Fe?* injection has been put into practice
since the middle of the 1960’s and has been useful
for the prevention of malignant erosion-corrosion® as
shown in Table 2. It was suggested that ferric hy-
droxide film can be formed selectively against the
formation of Mn rich film.

Fe?* injection shows the beneficial effect on the pre-
vention of inlet attack as summarized in Table 5°*°.

Table 5 Effect of Fe* injection on the critical shear
stress of the film formed on Al-brass tube®*®,

Water Surface shear stress| Fe?® injection (ppm)
velocity z
(m/sec) Position <dyne;cm2) Non 0.01 0.03 0.05
0 Inlet 54.6 O O O O
1.
Non inlet 32.1 O O
Inlet 184 X/N1 O O o)
2.0
Non inlet 108 @) O @) O
Inlet 374 X O O O
3.0
Non inlet 220 O/ O O O
Inlet 564 X @) O @)
3.8
Non inlet| 332 o/ | © @) @)

O None of erosion corrosion
/A Moderate erosion corrosion
X Severe erosion corrosion

It is noted that the value of critical shear stress
of film of aluminum brass tube is raised from about
180 dyne/cm? to more than 560 dyne/cm?* by Fe*" in-
jection. Moreover, Fe?* injection is helpful to cathodic
protection which is to prevent inlet attack, because
ferric hydroxide film formed by it has the high
polarization resistance'.

Sulfide corrosion can be prevented by means of Fe**
injection in case that sea water contains sulfide only
intermittently. In such a case. initial formation of
protective film before sea water pollution is of great
importance’®. In some practical condensers where sea
water is polluted by hydrogen sulfide only during
summer time, aluminum brass tubes have been suc-
cessfully used with the aid of ferric hydroxide film
formed initially.

Experimental investigation’ revealed that Fe**
injection is useful to prevent sand erosion caused by
40 ppm of 50 pm sand but is quite useless to prevent
it caused by 250 um sands.

Survey results on the failure of condenser tubes
demonstrate that Fe®" injection has no preventive
effect on local erosion-corrorion by lodgement of

foreign bodies as seen in Table 2. Besides, it is known
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that protective film of ferric hydroxide is hardly
formed in some adverse conditions as follows. In
sulfide containing sea water, an effort to form ferric
hydroxide film by means of Fe?" injection would be
almost fruitless. In case that an injection point is far
away from the condenser or that water velocity is
excessively low, protective film formation could be
hardly expected.

2.5 Cathodic protection

Inlet attack can be completely prevented by catho-
dic protection. However, it must be noted that effec-
tiveness of cathodic protection depends on the value
of polarization resistance, which is defined by the
following equation‘“.

W S

where, R : polarization resistance (Qcm?)
Eo : cathodic polarization at the tube
end (mV)

I, : cathodic protection current per
one tube (mA)

0 : resistivity of sea water (Qcm)

r : inside radius of the tube (cm)

L : length of the tube (cm)
In case that L is sufficiently large as the conden-
ser tube in commercial power plant, the equation (1)
is rewritten as follows,

_2xar® 7 Eo )2

=t

Our investigation revealed that values of polariza-
tion resistance of various practical condensers during
operation distribute in the range of 10° to 10° Qcm?
depending on the extent of protective film formation,
as shown in Fig. 9, Fig.10 shows the distribution of

~200
—
\ .
\Afn.ahlgash" 2A
1
\
\ \m
N ——
-400 N
_ S .
g R m\\
= 000 o)
£ 500 \\ \ S\
a 600
: \
2
3
~700F 5\
i (3““
o
21 o
[=3 s}
-800}- 2+
3
0
e
~900L; :

Applied current  (mA/one  tube)

Fig. 9 Apparant polarization curves of some
practical condenser.
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On the other hand, it was proved that inlet attack
is likely to occur in the range of tube length of 3 to 5
times the inside radius®'’. Therefore, prevention of
inlet attack can be made by applying suitable amount
of cathodic protection current depending on the
polarization resistance of the condenser tubes to be
protected.

As a matter of course, the effectiveness of cathodic
protection is limited to the tube end portion as shown
in Fig.10. Local erosion corrosion by vibrating fibrous
materials may be prevented by the cathodic protection
because it is likely to take place at the inlet portion
of tube.

2.6 On-load monitoring of protective film

Polarization resistance defined by the equation (2)
is a useful indication on the extent of protective film
formation’. It can be obtained from a polarization
curve of the tube nest, which is measured during
operation by means of the cathodic protection system
by externally impressed current (On-load monitoring).

Fig. 11 shows the typical results of on-load moni-
toring on aluminum brass tubes tested in two model
condensers®'®) It is noted that protective film forma-
tion by Fe?" injection in Tanagawa Model Condenser,
and breakdown of protective film by intermittently
polluted sea water in Sakaiko Model Condenser, can

be well monitored by means of polarization resistance.

Other monitor on film formation is the heat transfer
characteristics obtained from thermal performance of
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Fig. 11 On-load monitoring of the protective film on
aluminum brass tube of model condenser by
means of polarization resistance using cathodic
protection system.

condenser. This is an indication of allowable maximum
limit of the amount of film. Using these two charac-
teristics as the monitors we can control the surface
condition of condenser tubes during operation in
optimum condition.

In some power plant condensers, the technique of
on-load monitoring has been applied to control the
conditions of Fe*" injection.

2.7 Modified screen system

Local erosion-corrosion by lodgement of foreign
bodies could be prevented by the installation of a
modified screen device such as mussel filter has
proved useful in some power plant condensers as
shown in Table 6.

2.8 Plastic insert

Plastic insert has not widely been used in Japan
because the cathodic protection is considered to be
more effective system as the preventive measure to
inlet attack. We have successfully developed the poly-
propylen insert of 0.5 mm in thickness, which are
available for APF tube. Silicone glue is useful for
the pre-treated polypropylen insert. APF tubes the
with plastic insert shows good performance under
condition of both backwash and sponge ball passing
without cathodic protection.
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Table 6 Number of condenser tubes leaked during operation in 25 power plants before and after
installation of Mussel Filter. ‘
Before installation After installation
of Mussel Filter. of Mussel Filter.
Power Cooling sea water Blockage of foreign bodies I;‘;l:lz)erlozfg;;zitiejszsr:ii rio;zldiiengpingement attack
plants | water * Cl, Fe? Before M.F.| After M.F. $
quality | injection | injection | installation | installation | & | 89| 70| 71 72173 | 74| 75176 | 77 1 78 | 79 | 80 | 81
1 B Yes Yes Foke No 312,0/01]3 i 00 0101010 E 0 i 0
2 A Yes Yes Yes No 0/(10! 370 0¢}O0 E 0 0 7050 (;
3 A Yes Yes Yes No 0705010000 { 10
4 A No Yes — No § 0o 0|10 0
5 A No Yes — No | ] o 2l0loo
6 A Yes Yes Yes No lolololol0lolololo
7 A Yes Yes Yes No ! o'lo ofolofojaololo
8 A Yes Yes Yes No olojolaolsiloiala]o
9 A No Yes Yes No 0|00 000
10 A No Yes Yes No 010101010
o1 A Yes Yes Yes No 11o0loojlol1/0 |3 0]J0o|0!|0O
12 A Yes Yes Yes No alz 0 olojol1]olo|ofo]o
13 A Yes Yes Yes No 00,0 | 1010 OW w(r
14 A Yes | Yes Yes No olo/olo 5 0l0loloa o 0lo]o
15 A Yes Yes Yes No ojol1 o000 0 0 0fojo|0 o0
16 A Yes Yes Yes No 0/o/o 0o 1 00 0 0 00 o0f|ojo
17 A No Yes Yes No 010 (:) 0
18 A Yes Yes | Yes No 0o 0 0 0lofojoololo0]0 (:)
19 A Yes Yes Yes No ololo0o]|0o 0 3 ( 110/00lololo (:)
20 B No No Yes No olofolojolofolo
21 B | No No Yes No S T Toloo]jololofol0
22 A No No Hok No 010 ], o ofloj2/0i0]01l0
23 A No No Yes No 0(6 187000
24 A No No Yes No | 410 <:) 0
25 A No No . Yes No n i | 2 E 6 1_—(?‘

* A : Clean, B : Polluted ** Not clean

2.9 Optimum spenge ball cleaning

Sponge ball cleaning used widely has been proved
effective to decrease the fouling on the cooling water
side of condenser tubes. It was also proved experi-
mentally that excessive ball cleaning removes the
protective film to cause erosion-corrosion of copper
alloy condenser tubes'®. This type of attack has been

experienced in some power plant condensers. Experi-

mental investigations®**'”’revealed that the optimum

condition of sponge ball cleaning is less than 6 ball

passing per 1 — 2 week from the view point of both

fouling and corrosion of condenser tubes.

By means

of such a condition of sponge ball cleaning, as shown

in Fig. 12'”, the fouling and the heat transfer resis-

tance is controlled in the allowable range without

erosion-corrosion problems caused by ball cleaning.
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Fig. 12 Effect of sponge ball cleaning on the corrosion
and fouling of aluminum brass tube.

3. Conclusion

Most of the condensers in thermal and nuclear
power plants in the world of today are using copper
alloy condenser tubes. Copper alloy condenser tubes
used in sea or brackish water have occasionally enc-
ountered with corrosion failures. To cope with these
difficulties, developing works to establish the coun-
termeasures have been made based on the material,
chemical, electrochemical and mechanical process.
They are as following ;

Countermeasures by material process are
(1) APF treatment: artificial protective film of thin
layer of resin.
AP bronze: Cu-8% Sn-1% Al-0.1% Si alloy tubes
with improved resistance against polluted sea
water with successful service experiences for
more than 15 years.
Modified cupronickel: cupronickel tubes modified
with addition of chromium (C72200 by INCO) or
with increased addition of iron under trial appli-
cation.

(2)

&)

Countermeasures by chemical and electrochemical
process are
(1) Fe*' injection into sea water : enhanced formation
of protective film rich in ferric hydroxide with
the satisfactory record of application in preven-
ting erosion-corrosion since more than 15 years
ago,
Cathodic protection: prevention of corrosion of
both ends of tubes by cathodic current supplied
by impressed external current or sacrificial ano-
des in the water boxes.

@
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(3) Monitoring of the state of the film by measure-
ment of polarization resistance: control of film by
cathodic polarization measurement based on the
performance data of cathodic protection system
and by heat transfer on load.

Countermeasure by mechanical process is to use
modified screen, for example mussel filter, to avoid
lodging of foreign bodies in the tubes tc prevent
local erosion corrosion.

Corrosion resistance of copper alloy condenser tubes
is strongly dependent upon the properties of film on
the tube surface. Consequently, available range of
countermeasures should be applied with the thorough
understanding of stability of film under the conditions
expected.
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ARG ER 2T 2 & S OBRESF & LTI, BAkE
ABIENRNEEAN O TAZ AN —RBHEYTH B &
EALTWVA,
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KRB FETAINIKAT Z2DEE, BENERT3 &
FEJd LR 22, 2O LRAOBRER Y 20HBEEETA
FHR L - TR, 22T, FEL S 2 BBRERIRE
L, BEREE CHRTAINLIY 20BEEEERB Y 2 EH
(ChEERBIELENEFRT ) SMERRED & 0BG
EHETIBEALTBH 5,

BIEO L 3, BTAEN ETHERBE DL 5 =
OFBWHRE L —EBTHREL THWAEE LTI, B
Hofiiw, KE, #+4, FA4v, 44V 785bb, B5E
DO, REBEES)ERERRE) OLRE —EMHT
RELVTWAEELTE, BEH, A—-2+ 507, @77
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£4 IBCTHETAINIEADOH 2D 65CITIs T 2RI

%Q?ﬁ% 65°C w1 BEEES  (kg/cm?)
(kg/em?)~ | A% | B % | 7hTo iR % A | B % | id> | K £ | ~)vL
35.2 42.6 42.0 41.8 42.0 41.9 42.0 41.4 41.2 40.7
70.3 88.0 85.1 85.0 85.1 84.1 84.8 82.8 82.6 82.7
105.4 | 136.2 129.4 129.2 129.2 128.8 | 128.7 124.4 124.0 123.9
126.5 167.2 156.6 156.3 156.2 155.6 | 155.4 149.3 148.9 148.7
139.2 185.8 172.7 172.6 172.4 171.7 171.5 | 164.3 | 163.7 163.4
175.8 242.3 | 221.0 | 220.8 | 219.8 | 218.6 | 218.0 207.5 | 206.9 | 206.7
210.9 295.1 268.1 268.2 | 265.9 | 264.3 | 263.3 | 249.2 | 248.2 249.3
232.0 327.5 | 296.9 | 297.0 293.8 | 292.2 | 290.8 | 274.5 | 273.2 | 274.3
246.1 349.2 | 316.4 | 316.5 | 312.3 | 310.8 | 309.3 | 290.9 | 289.7 | 290.7
253.1 350.9 | 326.4 | 326.2 321.6 | 320.1 318.4 | 299.4 | 298.3 | 299.0
281.2 401.9 | 365.9 | 365.2 | 358.6 | 357.8 | 355.4 | 333.0 | 332.7 | 331.8
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REPCSEIRFREL 3L, #EUVNER X - THE¥H
BWOLAE L ZHEEER2EL T 5, ISO#HBENA O
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- Pﬂﬁﬁiﬁgﬁﬁhi%gﬁ% gORIWE AR | ERRE S R
(£) |kg/cm?) |(kg/cm?®)| (mm) (mm) (mm) (mm) (mm)

2017-T4 1.0 150 250 85 73 6 1 9 296
7 2.0 % 7 100 86 7 S 11 422
” 4.0 ” 7" 128 113 7.5 4 10 500
5056-H112 2.5 / 225 120 98 11 £ 15 420
” 6.5 7 7 148 121 13.5 S 22 670
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FE AR U IR R
/\"?fn =1 |- b r:! [JA% 1 :,l;j.
SRIEE] MR | T | g omy PEE VIR
1-1 25,500 | SR U
1-2 | 2017-T4 1.0 250 ” 4
1-3 7 7
2-1 24,686 | #R7c UL
2-2 12017-T4| 2.0 250 24,821 “
2-2 7 7
4-1 25,468 | Bk U
4-2 12017-T4 | 4.0 250 ” “
4-3 ” 4
2.5-1 24,686 | Stk L
2.5-2 5056-H112) 2.5 250 25,491 ”
2.5-3 4 7”
6.5-1 25,348 | #kz L
6.5-2 5056-HI12; 6.5 225 ” 4
6.5-3 22,297 ”
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