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Weldability of Aluminium-Copper Alloys

— Weld Cracking Susceptibility and Tensﬂe
Properties of Welded Joint —

by Yoshihiko Sugiyama

Many investigations have been carried out especially in the United States on the weldability
of high strength Al-Cu alloys which have extensively been used for aircraft and airospace industries.
There is however little report submitted in our country. It is for this reason that due to the diff-
iculty in obtaining the high joint efficiency of as-welded joints in these alloys without postweld
heat treatment, these alloys have not been used for general welded structures.

The intent of this study is to evaluate the weldability of representative Al-Cu alloys 2014, 2219
2021 and 2024, using conventional AC TIG welding process.

The results of this study can be summarized as follows:

(1) The weld crackmg susceptibility of 2219 and 2021 alloys is low as compared to that . of
‘2014 and 2024 alloys. ,

(2) The lowest weld cracking susceptibility was obtained in each alloy when welded with 4043
welding rod. 2319 welding rod showed the weld crackmg susceptibility ]ust above the level obtained
with 4043 welding rod.

(3). It seems that toe crack is apt to take place in 2014 and 2024 alloys as compared to 2219 alloy.

(4) The joint efficiency was approximately 50 to 70% in as-welded condition, whereas the joint
strength equivalent to the strength of base metals was obtained in solution heat treated and artlf—
icially aged condition after welding.

(5) The tensile strength of the joint in 2014 and 2024 alloys was higher than that of 2219 and
2021 alloys in both cases either as-welded or solution heat treated and artificially aged condition
after welding.

(6) The elongation of the joint was less than 10% irrespective of the type of base metals and
welding rod, with or without reinforcement and postweld heat treatment.

(7) The strength of the joint with no reinforcement depended on that of the weld metal.
In both cases either as-welded or postweld heat treated condition, the higher tenmsile strength was
obtained in the joint made with 2319 welding rod than that with 4043 welding rod.

(8) - In the joint with reinforcement, it seems that the fusion zone adjacent to the weld metal
has an effect on the joint strength to a certain degree in both cases either as-welded or postweld
heat treated condition. :

(9) The tendency of lowermg the ‘joint strength due to the effect of reinforcement was not
observed.
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Table 2 Conditions of heat treatments for base metals.

Solution heat Precipitation heat

Alloy and treatment treatment
temper Temp. Time at Temp; Time at
) temp.(h) (C)  temp. (h)
2014-T3 505 2 — -

. -T6 505 2 170 10
-2219-T62v 530 2 190 36
2021-T62v 530 2 190 36
2024-T4 495 2 — —

-T6 495 2 190 12

1) Experimentally manufactured and heat treated.

Table 1 Chemical compositions. of base metals and welding rods.

 Material Chemical composition (%)
Alloy Thickness  « g, §i Mn Mg 2Zn Cr Ti Zr V Cd Sn Al
or diam. (mm) :
2014V 3 4.41 0.37 0.74 0.88 0.53 0.03 0.01<0.01 — — — —  Rem.
4 4.21 0.26 0.74 0.90 0.48 . 0.01 Q.Ol <0.01 — — — — Rem.
9919 3 6.35 0.08 0.07 0.33<0.01 0.01<0.01 0.09 0.22 0.10 - — - Rem.
Base metal 4 6.49 0.14 0.02 0.34<0.01<0.01<0.01 0.10 0.7 0.09 — — Rem.
2021 4 6.37 0.15 0.06 0.32<70.01 <0.01<C0.01 0.10 0.21 0.1 Q.13 0.05 Rem.
20241 3 4.37 0.18 0.10 0.59 1.65 0.05 0.01 0.01 — — — — Rem.
4 4.52 0.16 0.07 0.59 1.57 0.01 0.01 0.01 — — — — Rem.
2319 3.2, 4 6.39 0.09 0.08 0.33<0.01<0.01<0.01 0.18 0.18 0.09 — —. Rem.
Welding rod )

4043 3.2, 4 <0.01 0.19 5.84 0.04<0.01 0.01<0.01 0.01 — — — — Rem.

‘1) Also used as welding rods.
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Table 3 Mechanical properties of base metals.

Base metal : Longitudinal Transverse
Alloy and Thickness , ’sl;izfliéih Proof stress Elongation g;igiiglih Proof stress Elongation
temper (mm) (kg/mm?)  (kg/mm?) (%) (kg/mm?) - (kg/mm?) (%)
2014-T6 3 50.4 45.6 9 48.2 43.6 11
2014-T3 4 47.6 36.0 20 47.5 33.5 20
2219-T62 3 43.6 32.6 7 » 45.3 . 3.7 11
2219-T62 4 42.6 30.3 10 43.6 30.7 7
2021-T62 4 42.4 31.5 10 41.4 31.0 6
2024-T6 3 _ 47.5 o427 7 47.0 42.3 8
2024-T4 4 49.8 36.0 20 - 475 33.3 . 21

Table 4 Combinations of base metals and welding rods,
and conditions of postweld heat treatment.

Postweld heat treatment
. Solution heat Precipitation heat
Base  Welding treatment treatment
metal rod
Temp Time at Temp. Time at
-0 temp. - temp.
©  m® © @
2014 '
2014 2319 505 2 . 170 10
4043 o
2319 © 530 2 190 36
2219 4043 530, 500
2319 530 /
2021  2021“ o2 190 36 100 ‘
4043 530, 500 o ) : , - Lo
2319 o ‘ : ; oo |
2024 2024 495 . 2 190 12 . Fig. 1 Size ef specimen for fish-bone cracking test
4043 ' ‘ (Thicknes : 3 mm). - )

1) Used only for fish-bone cracking test.

Table 5 Welding conditions.

Pass Welding Welding Diam. -of Diam. . of Flow rate of
Welding number current speed electrode welding rod argon gas - Backing
’ (Aa) (cm/min) (mm) (mm) ({/min)
Fish-bone - Pt : ' Carbon
craking test 1 140—150 30—32 3.2 3.2 10 blockD
Welded panel R "ﬂ, o . : Copper with
(3mmt) 1 180 200 30—32 4.8 3.2 ’ 12, groove?
Welded panel onn . k : Coppe_r with
(4 mmt) 1 240—260 32—34 4.8 4.0 12 groove?

1) Flat.
2) Width: 5mm. Depth: 2.5 mm, round.
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Fig. 2 Results of fish-bone cracking test.

(A)  Welding rod: 2014

(B) Welding rod: 2319

4043

(C) Woelding rod:

Fig. 3 Photomicrographs showing cracks in weld metals of fish-bone .
cracking test specimens in 2014-T6 alloy (<100 4/7).
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Fig. 4 Results of fish-bone cracking test for 3.5mm
thick 2014-T3 and 2 mm thick 2319-H alloys.
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(A) Center crack

(B) Toe and center cracks

Fig. 5 Appearances of center and toe cracks in fish-bone cracking test specimens
of 3.5 mm thick 2014-T3 alloy (Welding rod : 2319 alloy).
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Fig. 6 Typical macrophotogrphs showing center and
toe cracks in fish-bone cracking test specimens
of 3.5 mm thick 2014-T3 alloy.
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Fig. 7 Typical photomicrographs showing toe cracks
in fish-bone cracking test specimens of 3.5 mm
thick 2014-T3 alloy ( x43).
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Fig. 8 Typical cross sections of welded joints in 3 mm thick 2024-T6 alloy (X2.1).
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Fig. 9 Hardness distributions of welded joints in

2014-T6 alloy (3 mm thickness).
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Fig. 11 Hardness distributions of welded joints in
2021-T62 alloy (4 mm thickness).

JIS1BREFIC X 2BRICOVTH S &, HESIMmO
WFRIEBNTE, BEOE ETIRERS X, 349kg/mm’
(1944 /7R 12 2024-T6/2319) ~27.6 kg/mm* (2014-T6/
4043, 2219-T62/4043), #EFHIRIx74% (2024-T6/2319)
~54% (2024-T6/4043), VEBEHIEANSED &L 2T H o 12
L T, BliEM 3k 50.6 kg/mm? (2014-T6/2014)~36.2
kg/mm?® (2024-T6/4043), #T-%h3 1 105% (2014-T6/
2014) ~ 77% (2024-T6/4043) TH %, %12, HE4mm
DOPF B NTIE, EHEDE £ TF5RE 3 & 339kg/mm?
(2024-T4/2024) ~27.0kg/mm? (2021-T62/2319), #F3)
2% 71% (2024-T4/2024, 2024-T4/2319) ~59% (2014-
T3/4043), FEHABBEANGES L RTR-Cb DT, 5K

180 T T T T T T

- 100F 2024/ 2024 R
Weld metal — As welded
201 —-—~ Heat B
treated to T6
60 A 1 Il 1 N 1 A
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=
=
- J
>
T 100F : 2024/ 4043 4
| —— As welded
. Weld meta = Heat
i treated to T6]7]
60 J. i 1 1 1 i 1
180 T T T T T ¥ T
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o 4
> - i .
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Weld metal —— As welded
| --~- Heat |
80 treated to T6
60 1 1 1 1 1

i |
80 60 40 20 0 20 40 €0 30
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Fig. 12 Hardness distributions of welded joints in
2024-T6 alloy (3 mm thickness).
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313472 kg/mm? (2014-T3/2014) ~35.6 kg/mm? (2024
-T4/4043), WkFzh=ix 109% (2021-T62/2319) ~ 75%
(2024-T4/4043) TH %,
JNIS1BEER Tk 2B ER, HE3ImmOEARA
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WRWTR, BHEOT I OMPTFT1R2219-T62/2319, 2021
~T62/(2319, 4043), 2024-T4/2024 »S—REM & BHS
BOBRCHEN LI UAB TN THEESBTHEE L., B
EHEEANEE D E U EFL o HkETIE, 2219-T62/2319
PER (28) LM (14 B, 2219-T62/4043, 2021
~T62/2319, 2024-T4/(2319, 2024) D—LEFR CHET
Uik, TNTHEESBETCHEEL,

oXic, JISS BREBRRICX 3R 2HE 4dmmOLEI
DN THBE, Fig. 16 A LND &5 CREOHMT L
DFEOMBICR X EERDBE L, LItd-T, RBOF
MERMEL THRERPEH <3 &, BEOTZOMT TR
i3 333kg/mm?® (2014-T3/2014, REEZL) ~ 254
kg/mm?® (2219-T62/4043, &EH D), #MFHE X 70%
(2014-T3/2014, 2024-T4/(2319, 2024) & 3 iR L)
~58% (2219-T62/4043, B H V), BEERREANED &
U % Tk - 1cikFEci, BIEER S 47.7kg/mm® (2014~
T3/2014, &REHH) ~35.1kg/mm’ (2219-T62/4043,
KBH D), MFHEIX105%(2021-T62/2319, &EEL L)
~T4% (2024-T4/4043, BB UL) Th-1,

WE 4mm o JIS 5BRBRECHT A WMAIE I, B
D FE DT T2021-T62/2319MB L BOFEITBAZRL LT

As welded After postweld heat treatment
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Fig. 13 Tensile strengths of welded joints in ‘3mm thick Al-Cu alloys
(tested by JIS Z 3121 No. 1 reduced-sectioned tensile specimen).
-50 V As welded After postweld heat: treatment
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Fig. 14 Tensile strengths of -welded joints in 4 mm thick Al-Cu alloys

(tested by JIS Z 3121 No. 1 reduced-sectioned tensile specimen).
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NTHERT, 2219-T62/23190 5885 U OYET—HHER
Tho BRI RTEESR Th- 1o, BHEREANRGES
EURTL-HFTR, BATHEHUIZL DIRED D
DOEEF O 2014-T3/2014, 2219-T62/2319 ©F T &
2014-T3/2319, 2021-T62/2319, 2024-T4/(2319, 2024)
O—#, Z1UT2219-T62/2319i2 T <THEH T, Zofb
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As welded After postweld heat treatment
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Fig. 15 Mechanical properties of welded joints in 3mm thick Al-Cu alloys
(tested by JIS Z 2201 No. 5 tensile specimen).
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Fig. 16 Mechanical propertise of welded joints in 4 mm thick Al-Cu alloys
(tested by JIS Z 2201 No. 5 tensile specimen).
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DEOERL b, KERICHVIZAI-Cu 540 TH,
HEORMNMZREFEOL TIBNTIE, 204 BLY
2024540322198 X 0202166 & bE L, BERTEAN
Bed EURTE - BT TR, DL 20145 X 00202485
7522196 X 20215& L DAL, BEO v — T TiE2021
EE&DIEIVENE
HEROBIZ L ZMTFEVHELIFE L, 403BHEBIT I 5k
FORBLE S E,

& AT, Mayer? I E 12.7~254 mm @ 2014, 2219
B L 021 EGEERFOBEEOL LOIREBIEENT
7 315, 28.0 19X ¢f 31.5kg/mm’ EkNTHD, Fiz,
Robinson 57 i3 2319 IEEEHIC & 5 2024 & D T U ISRk
FOBEERS BE0EI) 3T408E, REHbT2
kg/mm?, 7% U T 273 kg/mm?, T6 O¥&, REHH T
238 kg/mm?, 7% LG 322kg/mm?, 2L T, fREHHOD
BERURGROIZYD, KRB UETRESED &®
NTW B, W iES, Schillinger 624 & 2.3mm d2014
-T6 BX I 2024-T86 A& ZRHAFEHACTIZRLD

—250°F CHBEL LSS5 OMFENR R ALRH®R T, fi#E
P593~95%, HEN88~N0% EE L, £z, RBEHIKT
B EBREMNETTS EERNTVD, T2, REBORI IR
F OB 2 T, EESLEL LV ERNTVEY,
AL 5 BFOBBROET I BOBEIC TR
RBOBBC OOV TRBELEENRED

B EAHLNDD,

5THb, ZUT, BEBTOVTH,

BNV, Tibb, BEOTIORTILBLTE, HE
3mmodBE (Fig.15), XBOE T OMF WL THIKRL
12 DX HBEER IVBE VY, WE 4mmokF (Fig. 16)

IR EHUEERALRL Y, Lo, BERE
ANEEL EU R TL - HFRBOCTE, WEMS3B L
4mmdnTh 52014 BIF0U/EOMT T, BT
HKBOT TOMWTFD IS VIER I BE, BEREANL
Bid EURTRE > BFTE, BTEISHCRLIZLD
W, BEBOBBICY X5, BHMEBESROBIEE
BELTWE, LIZ¥-T, BELKECLVERD, fKEBO
ZEOMTOEIIVRENFNEELLIND, oiT5,
BEBEANEL LA - RBE UVOBRFETR, 7
ORERBESBOBECKET I ERELPTH B,

o iES, BEOLIOMETE, BERRE, EER,
BRI & CHEHOBEBENTNREL DT, RE
DB P LT 5i1cid, Kazakov s @ |EL TV S
Lo, BEROBIR (BERE, REL I HEEOREY
R, WE)a%%ﬁE&®%%%ﬁb<@ﬁ?5%§m
HH5,

ERORFOBMILE R, T3 —EOBERFRL S
%%@%%T&éﬁ,Mﬁ@Aﬁ®W§%¥®A%§%@
BENIEAM OB E ABUZ EiRX b B b, 2BESRE
PHHEESHNIEBEOTZORE I, FUF
SA NPT —LAR—T Y TDPIVE EBBINIICE 55R

(A) Interface between base and (B) Over aged zone (As welded)

weld metals- (2319 welding
rod. As welded)

(C) Weld metal (2014 welding
rod. As welded)

(D) Weld metal (2319 welding (E) Weld metal (4043 welding
' rod. As welded)

rod. As welded)

(F) Weld metal (4043 welding rod.
Solution heat treated and

- artificially aged)

Fig. 17 Photomlcrographs of welded joints m 3 mm. thick 2014—T6 alloy made w1th various

welding rods (x53).
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BEOHIMEZELWD, LIZH¥-T, COBDEROEED 53L5ThH3bB,

%55 ORBANBHOMTFORE 2 BT 572D,
RO LOEEEEZHVAEBIPEI LY, S5ICITE
L O'DCSP 7 4 VB2V TR LTI,

3.4 HFE0IsOHEE

2014-T6 (FHE 3mm), 2219-T62 (4 mm), 2021-T62
(4mm) ¥ X 082024-T6 (4mm) EE&MFO T 7 =il
OFB %R, BEYEL X OBESBTOVWTEZAEDN
Fig. 17 ~ 20 iR ¥,

VDL T ORESED 7 vl v Ko 4 M
LHHED A v b U~ 7 RORFHE 2L H > T 5,
VB4R OMBRIZ2319B BT X 5 § ORI <,
LOASTAIERRIT X B b OASHL, 2014, 2024BHBET LB b
DI CNGDOHEBRETH D, NEHE 2 L & B
BORST L - TR 555, 2219/2319 © X 5 it Al-Cu il
SRRIIEN S O T Cully, 2L TC204 54T, 356
iw Mg, Si%peis 1o CuMgSiAl, Mg:Si kg ENFEAS
Ao ,

Tucker 5™ I3 B HBEE DR 52014/4043 B¢ E OHl
B EEMEEIC & - TRERRY oNg0bs, BHER
wEnE, BESBRRBARECEESLLNT L~ b
Kol BB 22 7 MAOM (Si+Cull:) BSEFE
U, BEDOKE SRBARBEOERNFEERTRENS D
I BRIV ERNTVD, ZLTT L — MROERBIER
BEFCHEEERL, ARG ofElnsET

IBERITBANIEY LRI > LIBEESEE TR, 52
Moo N~ 27 BRSBTS 2 & & 31,
FY o 7 2ADMOBBETEIPOEREL L > TVEN, T
MG AT X 2N IOMETH 5 5, T b ORI
BEITNEEMSIC X - TR ATRETH b,

B & BESBOERTE, BEOTIORBIRBNT
i, BRI OBASER L IZEBRESED N5,
U U, BHEERITEANES U 2TK - 1Tl TRER
BEMEL TV b, b bAoA, HEEORFITIRZERILR
» 5N, Fig. 211 2319 BESBI L 2 RE3ImMm O£
NFN 2014-T62, 2219-T62 ¥ X ' 2024-T6 G MHF D
S 2 R T,

Al-CuRASTB TR, BEHRCEERBLEZTED
HOEE, KRBT T OKTFOME R LR OB OEE
X DEBBIN VI RENDZY, BEBO®RKE
SHE&EOESPEN, WE, BEED L OEERELETE
STREBZRTTHHP, AERO XS KFEF—EOFRN
ik AMFETIE, OB Y > THERBORICENLE
FHELEALONDG, 2T, WEAmMmOBFEEORTT
DN TIERROIEZHIE L T2, Z OFER %2 Table 61T/R 7T,
CEHMoEMICER S B, BREoEEERCIEI 2014-
T3<(2219-T62, 2021-T62<2024-T4 TdH - 2. WAL,
#oeoEER LN ARBROETRHU L S I, 2014,
2219 ¥ X 18 2024 &M FNEN 507, 543 B L F502C T
b5, EREADOBRS 2HRT 5 GGt ROERH» 57

(A) Interface between base and
weld metals (2319 welding
rod. As welded)

As Welded)

(B) Weld metal (2319 welding rod.

(C) Weld metal (4043 welding rod.
As welded)

(D) Interface between base and weld
metals (2319 welding rod. Solution
heat treated and artificially aged)

(E) Weld metal (2319 welding rod.
Solution heat treated and artifi-

cially aged)

Fig. 18 thotomicrographs of welded joints in 4 mm thick 2219-T62 alloy (Xx53).
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: 4 . o . -

(A) Interface between base and weld -(B) Weld metal (2319 welding rod. (C). Weld: metal .(4043 welding rod. -
metals (2319 welding rod. As As welded) As welded)
welded) ) N ’

& S Y 3
(D) Interface between base and weld (E) Weld metal (2319 welding rod.
metals (2319 welding “rod. Solution Solution heat treated and artificially
heat treated and artificially .aged) aged)

Fig. 19 Photomicrographs of welded joints in 4 mm thick 2021-T62 alloy (x53).

(A) Interface between base and weld (B) Over aged zone. As welded (C) Weld metal (2319 welding rod.
metals (2319 welding rod. As wel- As welded)
dod) : -

N >3 55 22 AR R
(D) Weld metal (2024 welding rod. (E) Weld metal (4043 welding rod. (F) Weld metal (4043 welding rod.
As’ welded) ) As welded) . " Solution heat treated and artifi-

“cially aged)

Fig. 20 Photomicrographs of welded joints in 3 mm thick 2024-T6 alloy made
with various welding rods (x53).
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2% &, BRBORIE 2219~2021<2014~2024 && LT
EIh, AEERRchE—B Lol KREU
TRFEHEBECL I ABDORE— L ENBEALND, B8
F CIEELE g ic o T Schilinger 5 * i34 E 2.3mm O
2024-TAS & DE56BB T4 ¥ 2V icya — b7 — 7
FEET X BTN T, FRNEhmEEZ U T 038
mm, K& (19C) T03mm, CaCl: BHKHFT 0.15
mm Thol RTINS,
WEBEARED U 2T4L 2 HEIE, £<r2219
/4043, 2014/4043 D AR D & 5 KEHEERIC L H KR
OEESHRS N 5 AR & 5 T L T, BEL
BRCERT 5 BREND 5, Fig. 22 Z3iFE 4mm O 2219-
T62/4043 DT % 530°Cic T 2h INEGEAKBEANL, S5
12 190°C 12 T 36h ATEZh 21772 - BB LU LBES
BHOKRDERZRYT, 2219587 O b O OBEIERE
12 530~545C & SN TV B MY, TORMEICX 3HFOM
XEEULEd o7, Ultdio T, AEBRTISIC Table
LR LT X D I, (2219, 2021)/4043 OFAEICH LTI,
530°C DI 500C DEHGEE & fvic, Ao Fig. 14

B OI6OBRIZEEZEOLXMEIBIDTH B, AERIT
BNTIE, BEMERFITOW TIRKRE 217 > TRV,
U< BEESROEERS L B S © THLBEES 2K
HToBENDE I,

Fig. 23 8 X 0" 24 3F O3 ERBICH T 2 WAL E
(GAEE) 07 oz RLICbDTHE, ZNEN
Fig. 23 3l £ 35 & 08 Fig. 24 @EBEEANEES &
Uil 2EFE27RT,

VDT I X OIEEREANEEY EURTE > 12T
DNFRIBNT S, v ol e BEEBORA
TR LI E AN d DR, BED X 5 THERD 6 M
Dt ER R T - TR TR LTV 5, 2 U CHMTIIE
BERoMBOEECBERZL, BEALNATELTY
215 Thsd, UhL, Fig. 230 (C) &3 cH P
RN THEHRLTOB 308 H 5,

AIERBRIC BT ZEE VB ERD 5 OCBRADNITNT S
A0 RRERT A LOCEMEREZTE -2, TITH,
Mg E 3.5 mm @ 2014-T3 &%, FEBECE SIS
mmﬁﬁ%ﬁmto%%%ﬁm%mewsmﬁbtﬁg

(A)  Base metal: 2014-Té

(B) Base metal: 2219-T62

(C) Base metal : 2024-Té

Fig. 21 Photomicrographs showing fusion zones of welded joints in 3 mm thick
Al-Cu alloys made with 2319 welding rod (As welded) (x195):

Table 6 Widths of fusion zones in welded joints in 4 mm thick Al-Cu alloys (As welded).

Width of fusion zone (mm)®

‘ Base metal Welding rod Average
‘ 1 2 (mm)

2014 0.57 0.60 0.59

2014-T3 2319 0.63 0.60 0.62
4043 0.57 0.57 0.57

2319 0.47 0.87 0.67

2219-T62 4043 0.80 0.73 0.77
‘2319 0.67 0.60 0.64

2021-Té2 4043 0.80 0.73 0.77
2319 1.20 1.47 1.34

2024-T4 2024 0.67 1.20 0.94
4043 0.80 1.20 1.00

iy
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SmmiTHT 5 DLIFEFARTH 2, W/ A d ]IS
55RBA (REH VR IFLL) 2HEU, BEOET
B OBERMNER TR > 2O BT, FIERABICMEL,
B 2 EBBIC L VBE LI, BEMTE UT505C i
T2h 5L I BICKEEARL, 170CITI0h B & L%
s otc, Fig. 25 51 08 26 1S 10 X 5RBOE 2 O

Fig. 22 Photomicrograph showing intergranular cavities
observed in the weld metal in 4 mm thick 2219
alloy made with 4043 welding rod (Solution heat
treated at 530 °C for 2h and then artificially
aged at 190 °C for 36h)(x83).

=

(D) 2024-T4/2319. Reinforcement on

FIROWT, TAENEEDE T X OBHERALE R
5o LRBEHRITHO Y 7 v 8 X0 2 o Mfhr b 0N
HOEEBREEEZRT., ChbDBHEIRIS &, WTh
DT b I B SRR U 7 B S O AR T 4
U, EEUTHATE>TWS, L L, MPAWICIIIELE
WELEDSNB, -

ke R

(A) 2219-T62/2319
Reinforcement: off

(B) - 2021-T62/2319
Reinforcement on

(C) 2021-T62/2319
Reinforcement on

(D) 2021-T62/2319
Reinforcement off

. Fig. 23 Photomicrographs showing the position of
fracture in welded joints in 4 mm thick Al-
Cu alloys (As welded) (x40).

(E) 2024-T4/2024. Reinforcement on

Fig. 24 Photomicrographs showing the positions of fracture in wélded joints in 4 mm thick
Al-Cu alloys (Solution heat treated and then artificially aged)(x53).
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(% 570)

Fig. 25 Macro—and microstructures, and fracture morphology of fractured tensvile test spocimen
taken from 3.5 mm thik 2014-T3 alloy weld made with 2014 welding rod (As welded).

Fig. 26 Macro-and microstructures, and fracture morphology of fractured tensile test specimen
taken from 3.5 mm thick 2014-T3 alloy weld made with 2014 welding rod (Solution heat
treated at 505 °C for 2hTand then artificially aged at 170 °C for 10h).
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pEI TR, Fig. 2T 3&Be2REL, ZhZNEBE
D% B X OFEBELE 2T T RBR BT 3
BB I OWEOEAEEREEERT, L ORBA
BRINTHESETHEHREL TS, BERAGND X H I
WEREERER T, T BB AL sN5,
SxiT, —BlE LT, & 4mm o 2014-T3/2319 OF
BOIIB I OBEREANED &L 2TL - kFe>
W, WEERO Cu, Mg, Mn, Si & 0t Fe 0457iRER
EPMACH~T &R 2Fig. 28 5L 00 29 1T R 4, Chigk
BZEBEOEIRBVWTHRICA v b7 —7RD Cu &R
»ong, Cu BARCHEEL, BEROBLHEITI - T
B AHUTO BT EAERL LD, BTV}
DRIRRMU TN B, 535, Fe,Mn 8L FSiigizE AL

HIHEEL, 2O RBREMNBIZI>TIREAEES

(x57j, ,

(%57).

artificially aged at 170°C for 10h

(X867) §

(B) Made with 4043 ‘welding. rod,’ solution heat reated af 505°C for 2h and then

T, Mg BB X b SIRODTABHA TN S,
RAAEC DEARIC X 5 MFr» 5RIL 12 JIS 5 SRBA

BHEOIITREROBEICBRLL TRTHEESRRE
T L, BERBEANEL SULETL-108 DT, R
BOEFTIKRP LARBERCTHM U 2, REHIRO
POREVBESETHLIL, Ly LS, Thbo
BEEROAD 5, BRICBI 3 RABKOEE 2RKD 3

LERTERL, ; PR
HEoOFig. 15 5 L C16ITRE L IZ JISS BRBAIC X 55
ETIE, BEOTLIOMFTE, ERELTREBESRET
BT L 72 b OMH 0, BRABKOABIRREOL LD
BB TH 5, BEOLIOMTFOBINMT I, B
BESBE2VTEIDERCOIBETETH 2T »hdb
59, BEMBERTECDH, o7l

RFEELTH

(X 570)

R X 570).:

(C) Made with 2014 welding rod, soluhon heat treated at 505°C for 2h cnd then

artificially cged at 170°C for 10h

Fig. 27 Mi;rositructures and fracture morphologies of weld metal of fractured tensile test
specimen with _rein_forcement off in 3.0 mm thick 2014-T3 alloy weld.
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Precipitation of Iron in Cupronickel |
during Heat Treatment

by XKoji Nagata and Shiro Sato

Investigation on the solubility limit of iron and the critical cooling rate from the solution
treatment temperature in Cu-Ni (10 and 15%)-Fe alloys was carried out to define the optimum
heat treatment conditions, because the corrosion resistance of these alloys against sea water is
considered to be remarkably influenced by iron content, in particular when iron is in solution. ’

Magnetic susceptibility at 7,900 Oe was measured for both Cu-10%Ni-Fe and Cu-15%Ni-Fe
alloys after solution-ageing treatment and isothermal heat treatment in order to examine the preci-

pitation of iron.
The results obtained are as follows;

(1) The solubility limit of iron in Cu-Ni alloys increases with temperature and nickel content.
At 700, 800 and 900°C the solubility limit of iron in Cu-10%Ni alloy is about 1.2, 2.2 and 3.6 wt. %,
respectively, and in Cu-15%Ni alloy is about 2.0, 3.3 and 4.8 wt. %, respectively.

(2) T-T-P (Time-Temperature-Precipitation) curve is-C curve having nose temperature appr-
oximately at 630°C independently of both nickel and iron contents. The time to nose depends upon
the supersaturation of iron. In other words, the precipitation rate of iron decreases with nickel

content and increases with iron content.

(3) Following critical cooling rate is determined by T-T-P curves assuming that solution
treatment is done at 900°C. In these cases amount of iron precipitate is less than 0.1 wt. %.

Fe critical cooling
rate
(wt %) (C/sec)
1.45 14
_10%Ni
Cu-10%Ni 2.01 30
2.00 11
~15%Ni
Cu-15%Ni 9.3 23
1 A ﬁ —‘—E;
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Bhh, THYEBREDDH 5 5GOBFEIRDLNTV S,
T O0 VR TV 2T ATEIT DSV TIMOESR,
CBRINEST, EELUTKEORKE S5 v MEKSR
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RILOBEAREZRLL S 2WEE2 D0 AN
%

*gATEATHT AR 453 17 (1978)
ETSE R Tl

gErbashicxr 2 Fuozo Xy VESEOBRIZ Cu 2 X
—~2 &L, Ni:10~30%, Fe:0.5~2%, Mn: 0.5~ 2
%XHiBb, D5 LIHAKICEETZDIX NI, FeTah
h, CNHDOTLHEOHAL & S KHBAAKBAETSE %
RINTVA"Y, FegFRIT OV TkFe i & 0%
BN TREESTMLET I EOREVE 55, I bIES
2O &M Fed & FEHBZMN IRE—HTH BB —Iik
U, FeSEBREITH 2 D8 MMREBIHS L b biF%
Ui & OBEBE L, Fe OFEAREI X 3THAROWHE
e, SFRETERT 3 Cu0 FHEOETEHEE~DE ..
BOLBWITE 5 EOFEAT” P RERREK & BEMAT I
ZROBLINTV S,
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10%Ni REGIC DT ik 6 EF(A~TF), Cu-15%Ni Bér
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2.2 #ALIE

(1) BEA - BERMIE

POFEER 2R 5 BOoRMFKK %2 Fig. 1 TR T,
1,000C DB T 30 2 EBRALEH K L, 500~900
COHBH TN RERAHE 2L 72 (UTF, HERILER
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Table 1 Chemical compositions of samples.

wt.%
\Wents X :
Mark — Cu Ni Fe
A R 10.17 0.88
B R 9.75 1.45
C R 9.58 2.01
D R 9.54 2.43
E R 9.27 3.15
F R 9.30 4.15
G R 15.04 0.50
H R 14.96 1.06
I R 14.80 1.55
J R 14.75 2.00
K R 14.60 2.33
L R 14.33 3.10
M R 14.59 4.20
N R 14.10 5.09
Ta
j)
E
o Ta
8
=
s3]
&2
le—— 30min 30min
Ww.Q. W.Q.
Time

Fig. 1 Schematic diagram of the heat treatment for
drawing solubilyty curves of iron.
Tq : Temperature of solution treatment
Ta : Ageing temperature
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1,000 B (EELE) #KkeLiz, BIFTR, ERL
HEER I OEA%ZZ2hEn T, tr &509,

2.3 HLEORE

WAL O RISE AR 2 v TGouy i & - Tt

FERAOEE D 10 mm
T RFEHEHS ¢ 13,000 Oe
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jO)
5
® Ti
o
O
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& €
30min §
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Time

Fig. 2 Schematic diagram of the heat treatment for
drawing T-T-P curves.
Tq : Temperature of solution treatment
T;: : Temperature of isothermal treatment

u@><%

I S Specimen
Electro- B Electro-
magnet (Hs ) magnet
LLLLLA VL L

Fig. 3 Schematic illustration of .the apparatus for
measurement of magnetic susceptibility.

Susceptibility (X1074e.m.u.)
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Fig. 4 Relationship between magnetic susceptibility
and ageing temperature in Cu-10%Ni alloys.
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Fig. 5 Solubility limit of iron in Cu-10%Ni alloy.
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Fig. 6 Relationship betwéen magnetic susceptibility
and ageing temperature in Cu-15%Ni alloys.
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Fig. 7 Solubility limit of iron in Cu-15%Ni alloy.
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Fig. 8 Effect of isothermal treatment on magnetic
susceptibility of Cu-9.75%Ni-1.45%Fe alloy (B).
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Fig. 9 Effect of isothermal treatment on magnetic
susceptibility of Cu-9.58%Ni-2.01% Fe alloy (C).
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Fig. 10 Effect of isothermal treatment on magnetic
susceptibility of Cu-9.54%Ni-2.43% Ve alloy (D).
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Fig. 11 T-T-P diagram of precipitation of iron in
Cu-10%Ni alloy.
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Fig. 12 Effect of isothermal treatment on magnetic
susceptibility of Cu-14.75%Ni-2.00%; Fe alloy .
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Fig. 13 Effect of isothermal treatment on magnetic
susceptibility of Cu-14.60%Ni-2.33%Fe alloy (K).
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Fig. 14 Effect of isothermal treatment on magnetic
susceptibility of Cu-14.33%Ni-3.10% Fe alloy (L).
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Fig. 15 T-T-P diagram of precipitation of iron
in Cu-15%Ni alloy.
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Fig. 16 Magnetization curves of Cu-9.75%Ni-1.45% Fe
alloy aged for 24 hrs at various temperatures.

Table 2 Tensile properties and hardness of modified cupronickel tubes.

Alloys Chemical compositions (wt%) | 0.2 OB 5 Hv5
Ni Fe | Mn Si (kg/mm?) (kg/mm?) (%)

X78* 9.8 2.09 0.81 0.09 23.5 35.7 45 93.4

X79*% 13.4 2.70 0.78 0.08 2.7 41.3 44 105

X 80* 18.4 3.20 0.88 0.10 29.3 47.0 44 117
10.2 1.31 0.65 0.03 12.8 36.4 45 o 72

N1o** 10.5 1.35 0.66 0.07 15.1 37.6 40 78
10.3 1.35 0.70 0.13 20.6 40.7 37 85

* Annealed by induction heater—>water quench—cold working by straightner.
*% Cold working by straightner—annealed in roller house furnace—slowly cooling.

Table 3 Physical properties of modified cupronickel tubes.

Alloys Susceptibility | gonductivity conductivity |  transfer rate
(x7900 e.m.u.) (% 1ACS) (cal/cm-sec-'C) (kcal/m?-1-C)
X78 (1,245t)* 1.42x10™ 6.8 0.09 2"920.
X79 (1,245t)% 2.80x10™* 5.5 0.98‘ ’ 2,870
X80 (1,245t)* 2.66x10 4.6 0.07 2,820
N10** 34.00%10™* 9.0 0.11 2,959

* Annealed by induction heater.
** Annealed by conventional batch furnace.
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Fig. 17 Relationship between magnetic susceptibility
and precipitate of iron.
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Effect of Marine Biofouling on the Heat Transfer
Performance of Titanium Condenser Tubes"

by Tadashi Nosetani,** Shiro Sato,**, Katsuhiro Onda,***
Jun Kashiwada*** and Kaname Kawaguchi***

Comparative marine biofouling resistance to the heat transfer of titanium and aluminum brass
condenser tubes with the mechanical cleaning of sponge ball, carborundum abrasive ball and nylon
brush are given. The carborundum ball cleaning of 1 ball every 2 hours (1 ball/2h) kept the
titanium free from fouling with a very slight corrosion rate of 0.3 to 04 #m/Y. The sponge ball
cleaning of the same frequency caused the asymptotic formation of inorganic film which reduced
the heat transfer rate in a long operation. In the case of the weekly sponge ball cleaning for the
titanium tube, the rapid recurrence and heavy growth of the filamentous organism was observed
all the year round, resulting in the severe fouling with an average increase in fouling resistance
of 9x10°m*h°C/Kcal for a week and the remarkable increase of pressure drop. On the otherhand,
the aluminum brass tube with the weekly sponge ball cleaning presented the smaller average
increase in fouling resistance of 4x10° m*h°C/Kcal. It was concluded that the carborundum ball
cleaning or carborundum ball plus sponge ball cleaning was the most favourable countermeasure
against the biofouling of titanium tubes. On the contrary, 6 sponge balls for one hour every week

(6 balls/h/w) was recommended for aluminum brass tubes.

1. Introduction

Increasing emphasis is being placed on the marine
biofouling of condenser tubes of power plants using
clean sea water. Biofouling problem of condenser tubes,
especially titanium tubes, has risen due to the restri-
ction of the chlorination of cooling sea water, because
titanium is distinguished as non-toxic to microrganism
from copper and copper alloys being toxic. For exam-
ple, according to the comparative experiment of Ritter
and suitor” 10% cupronickel (alloy 706) was also
biofouled as titanium by a fibrous marine -organism,
but to a lesser degree than titanium. Also.they repo-
rted that the overall fouling rate for titanium was
about 2.4 times that for alloy 706 at a velocity of 1.8
m/s.

In the application of titanium tubes to the surface
condenser, therefore it is very important to pay atte-
ntion to the cleaning processes of tubes. Although both
mechanical and chemical processes are known to clean
the tubes, the mechanical processes are regarded to be
more favourable than chemical ones because of their
freedom from any chemical waste. In addition, titanium,
contrary to the copper alloys, is highly durable aganist

*: Presented at Intermational Conference on the Fouling of
Heat Transfer Equipment, Rensselaer Polytechnic Inst-
itute, Troy, New York, August 12-17, 1979.

*k: Sumitomo Light Metal Industries Ltd.
*%: Chubu Electric Co. Ltd.

mechanical cleaning such as sponge balls, rubber plugs,
nylon brushes and so on. The objective of this report
is to describe experimental results on the effect of
periodic mechanical cleaning on the heat transfer resi-
stance due to the marine biofouling for titanium and
aluminum brass condenser tubes.

2. Experiment

The experiment was conducted with the model
condenser of once-through type installed at Atsumi
Power Station, Chubu Electric Company, using c¢lean
sea water without chlorination. It started on Nov. 5,
’76. and continued until Apr. 5, '79.

2.1. Model Condenser

Fig. 1 and 2 illustrate the front view of the model
condenser and its schematic diagram. The model con-
denser was consisted of 2 parallel shells (called A and
T condensers) which were divided into up-and down-
stream sections (called Stage I and][). Each of A and
T condensers had 4 tubes arranged horizontally. The

" effective length of tube was 5.2m every stage, 10.4m

in total length. A special feature of this test unit is
that 4 or 8 tubes can be tested side by side against
each other under practically identical operating cond-
itions, so that the comparative performance can be
directly assessed. The low pressure steam produced in
the steam generator was distributed to 4 shells, and
the condensate was pumped back to the steam gene-
rator.
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The intake of the sea water for the power plant
locates at a point of a half Km from the beach. The
culvert' carries the water to the cooling water pumps
of the power plant. The cooling water for the exper-
iment was extracted from the air-vent valves on the
cooling water pipe lines of No. 1 and 2 units, then it
was supplied to the cooling water pump through two
filters which contained the cylindrical screens of sta-
inless steel with openings 5mm in diameter. The piping
used from the air-vent valves to the water boxes was
polyvinyl chloride (PVC). PVC valves were used
throughout. The pump had stainless steel body and
impeller. The piping from the air-vent to the water
box and the filters were cleaned every three-months.
The devised water boxes and necessary equipments
were provided to permit the automatic and manual
cleaning of the given frequency in operation.

Fig. 1 Front view of the model condenser.

B VP l

Cooling - water temperatures of each tube and shell
side steam temperatures of each shell were measured -
at 3 different locations (inlet, intermediate and outlet)
and 2 locations, respectively, by means of sheathed
thermistors well calibrated. The accuracy of the calib-
rated thermistors was estimated to be within 0.05°C.
Pressures were measured with suitable mercury man-
ometers. Water feed rates were measured with rotam-
eters. Sulfuric acid shot was weekly carried out to
prevent rotameters from biofouling.

2.2 Test Specimens and Operation Conditions

The test tubes used in the experlment were as
follows:

Titanium (welded) @ JIS H 4631 TTH28
254 mm O.D.x0.5mm thickness.
Aluminum brass: JIS H 3300 C6871T
254 mm 0O.D.x1.25 mm thickness.

The water velocity selected for this test was 2 m/s,
the most prevailing value in Japan. Then, 3.0 and 34
m®/h of cooling sea water had been fed to the titanium
and aluminum brass tubes, respectively.

The steam temperature was controlled in the range
of 19 to 41°C according to the variation of cooling
water temperature from 6 to:28°C in order to keep
the temperature difference of 12.to 13°C between steam
and cooling water at inlet. Measured steam pressures
varied from 17 to 59 mmHgab..

Cleaning plugs used in the test were sponge ball
(SB), carborundum abrasive ball (CB) and nylon brush
(NB). Their appearance are shown in Fig. 3. The’clea-
ning conditions for test tubes are summarized in Table
1. The cleaning of one ball every 2 houres (1'ball/2h)
for T1 and T2 tubes can be classified as a continuous

@Pi@w—l@

l I tubes Stage 1 Stage II
E 1 E
@ | Test tubes lu | Test- tubes
L« ' |
5 |
E
o+ ]
CWP
AC ! After cooler M . Hg- manometer /
B ! Balls and brushes Pc . Pressure controller
BC :Ball catcher SC .Slime collector
CP I Condensate pump T1.T2, Ts Water temp.
CWP : Cooling water pump T . Steam temp.
E ! Evaporater Vg ‘Vaccum gauge
FM  IFlow meter VP Vaccum pump

Fig. 2 Diagram of the model condenser.
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cleaning: The: sponge balls: remove. deposit. ox slime on
the:inside :surface only- by ' shear:action. In the: case
of- the‘ carborundum ~balls; : both- abrasive -and ;:shear;

a,n.,d ,Al.) i .Also_lt_. ‘Was_ one. of, o_ur ,purporserse, t_o. d.ea.l .wr.ch:
the .corrosion  behaviour: of; the:-titanium-tube: under,

such a frequent abrasive: action as well -as the; cleanl
iness.. L . .

Optrmum cleanmg cond1t1on\.for alumlnum brass
tubes with clean sea water was recently reported to: be
2 to 4 balls for:onehoursevery: week (24, balls/h/W)
from,.the istand; pornts fof maintaining both allowable
heat transfer and: favourable corrosion. resistance?’.-As
an_intermittent, sponge | ball cleanmg, 6 balls/h/W was

selected for T3 tube.in the test based .on. the report

. Fig: 3. Cleaning -balls :and brush: used ‘in test.

A3, aluminum.brass tube.was-inserted as:-reference.
A4 tube with a high: level of sponge.ball cleaning.-(6
balls/h/D) was used-as; control -for the calculatrons of,
fouling resistance -of - other alummum brass- tubes: (A2
and A3).- T : .

: Neither- No 1 nor: 2 unrts Wlth the ‘same: capaaty of
400 MW..of: -Atsumi - Power Station; -where- the model
condenser is -installed, is. equiped. with. both sponge
ball -cleaning -system for the condenser tubes. and.chl:
ormatlon system for the- coohng water. The aluminum
brass tubes used in theunits have been: cleaned, by
nylon brushes once -a. month-or with.a lesser frequency
to maintain - the- high. efficiency: Because of this:situ-
ation; nylon-brush cleaning -, was- scheduled when the
fouling, resrstance would rise over10-*m*h'€ / kcal., This
cleaning criterion-for A2 tube was continued -Jan. 20,
’78, then changed to:the periodical-cleaning of. once.a
month.

2.3. Measurements and Calculation

Operating - conditions such as steam temperatures,
water feed rates, number of balls, pressure-drops of
tube side, pH, conductivity, amount of solid suspension
in sea water were checked every day. Measurements
of the fouling resistances of individual tubes were
carried out once a week, mostly ‘on; Frrday After the
confirmation of passing cleamng balls for. Tl T2 and
A4 tubes; and a slight-correction to adJust feed rates
of cooling. water (because: some ‘tubes showed ' daily
reduced feed rates with the increase of pressure drop
due ‘to the biofouling of inner surface) ‘steam tempe-
ratures were . continuously recorded until the - entire
system reached to the steady state. It normally took
approximately 2 hours before an equilibrium state was

Table 1 Cleaning conditions.

LR . Diameter of cleaning
Material Mark Cleaning balls and brush.(niim) Remarks
. From Nov. 5, 76
726126~ 7 27 = ’
Thpomes B+ 1 ball/2h - . A,(? from Jure 30; /8)" " ~NB~ (4 chances)
Ti CB 1 ball/2h | 2527 from June ?{0)‘?7‘8)5 ~ From Nov.:5, 76
Tl:' T3 SB : 6ba115/h/W - ,26 / _NB- (3 chances)
Tii T4 NB : 1 brush/jM 25 From Nov. 3, '78
Tij AL NB :lbrush/M_ . [~ 25 _From Nov. 4;"77
5 s S From Nov. 5 "-76
Al-br , : 104 ’
Tass : AZ NB : When r>10 % Later, 1 brush/M
. From :Nov. 5, '76
Al-b : i '
rass A3 SB : 6 balls/h/W 26 NB (2 chances)
Al-brass A4 SB : 6 balls/h/D 2 - From .Nov.'5, 76
: Control :tube
SB : Sponge ball, CB: Carborundum'ball, NB : Nylon brush
r: Fouling resistance, m?h'C/Kcal
h: Hour, D : Day,

W : Week, M : Month
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established. Three sets:of experimental data were taken
with the interval of 30 minutes before the‘cleaning-of
T3, T4, Al; A2, and A3. tubes. Then, these tubes with
the intermittent cleaning conditions were cleaned one
by one, gathering the removed slimy deposits entra-
ined-in the cooling ‘water through bypass-line at the
tube exits. After cleaning all the: test tubes, another
three ‘sets of - data were obtained.

The foulmg resistance is computed as:

r = I/K l/Ko ~.-....‘.(1)
K=Q/(SAE). et 2)
Ko= Q/(S-4T) . = eceeeees 3)

K : Overall heat transfer coefficient (Kcal/m?h°C)

Ko: Overall heat transfer coefficient for the control
tube- (Kcal/m*h°C)

r : Fouling resistance (m*h°C/Kcal)

Q : Heat transfer rate (Kcal/h)

Qo: Heat transfer rate for the control tube (Kcal/h)

S : Outside surface area (m?*)

AT: LMTD (°C)

A set of ‘sample waters containing the greenish gray
deposit rémoved from the insides by cleaning were
kept quletly for 4 hours. The volume of each sediment
obtained with the treatment was defined as “wet” vol-
ume of the deposit. After filtration, the deposit was

Fig. 4 Longitudinally scratched surface of T2 titanium
tube cleaned by CB every 2 hours.
Upper : before test
Middle: after test
Lower : surface roughness after test

dried in:oven-at 75°C for:24: hours, .then:its:weight:
was measured and: recorded -as’ "dry wei‘ght «of »thes
deposit. - : : S onin

3. Results

31 Ins1de surfaces of control tubes

T2 (Ti, CB: 1 ball/2h) exposed the metal surface
which was longitudinally. scratched by abras1ve carb-
orundum partlcles ‘adhered on the surface of the cle-
aning ball. The surface of T2 tube with maximum
roughness of 4 pm is given in Fig. 4. A small amount
of filamentous slime was left on the tubes cleaned by
carborundum balls of 25 mm in diameter, but clean
surface was observed on the tubes cleaned by those
of 27 mm in diameter.

A4 (Al-brass, SB: 6 balls/h/D) was covered with a
thin and brown film which was easily removed as a
film in dilute acid solution and appreciably eroded
(See Fig. 5.). The inlet end was severely eroded.

The overall heat transfer rate of T2 and A4 control
tubes in Stage I ranged from 3000 to 3800 and 3000
to 4200 Kcal/m*h°C respectively, and were approxim-
ately proportional to-the inlet temperature of cooling
water. :

3.2 Morphology of inside deposit

Greenish-gray filamentous microorganism had been
observed on the insides of test tubes other than the
continuously cleaned tubes (T2, A4 and T1). SEM
pictures of the microorganism are presented in Fig. 6.
The inside deposits were previously fixed in a 50%
holmaldehyde in sea water. and washed with several
changes of distilled water. The deposits were then
dehydrated in acetone, immersed in xylene and air
dried. The samples were coated with Au-Pd in a vac-
uum coater and examined in.a JEOL JSM 50A scanning
clectron microscope operated at 25KV accelerating
voltage.

As far as we examined the morphology of the major
microorganism was same for titanium and aluminum
brass; a few microns in diameter, about 0.5 mm in

Fig. 5 Eroded surface of A4 aluminum brass tube
by the excessive SB cleaning of 6 balls for
one hour every day.
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maximum length, same diameter from root to top, chain
of cells and curious branching. In addijtion, small part-
icles such as silt, detritus and rod were entrained in
the tangle of the fibrous microorganism.

The microorganism was easily removed by passing
sponge balls, and rapidly recurred. It seemed that its
growth rate in summer was a little lower than in other
seasons of low water temperature.

3.3 Fouling resistance

Fig. 7 illustrates “sawtooth” fouling curves of Stage

1 obtained from May, '78 to Jan., '79. In this figure,
top and bottom points of vertical lines correspond to
fouling resistances before and after cleaning, respect-
ively. The fouling curves of Stage ] was nearly the
same as those of Stage I

T1 (Ti, SB: 1 ball/2h) showed a steady increase in
the fouling resistance after the operation of 6 to 8
months. It reached to 5x10° m*h°C/Kcal on Oct. 14,
77 (11 months), and 10* m?h°C/Kcal on Jan. 20, 78
(15 months). The inside surface discolored to brown

Fig. 6 Predominant filamentous microorganism developing in the
slimy deposit on the inside of test tubes.
301~ o 33 —AL(Ti NB:1 brush/M ).,,,, T toat
-—A2(Al-brassNB: 1 br ush/M) 39136
0| R —T 1(Ti SB 11 balls/2h) -

\\\
.
\
\
y
.
:
\
1
»
e . |

\

Fouling resistance {X1073 m?hC/kecal )

NB
15 T 3(Ti SB:6balls /h/W) — T
A --A3{AlbrassSB:6 balls /h/W)

10 ,

. / / / M / /\y/ /\/\/\V/JV/ /}/
AL 1, ! [ x J L A /LI.
S A o V ry"y A A

0 / LAl A 4 A vy L A i .
26 30 28 31 3 26 27 12
May June July Aug. Oct. Oct Dec. Jan
'78 79

Fig. 7 Fouling resistance data (NB: unscheduled nylon brush
cleaning was done to remove a tenacious deposit).
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and seemed to be covered with a thin and tenacious
brown film. Passing of 1 nylon brush made T1 free
from the fouling on Feb. 17, '78. The brown and pow-
dery deposit obtained by the brushing was different
in colour and morphology from the greenish-gray and
filamentous deposits usually removed by sponge ball
cleaning, for example those of T3 and A3 tubes. The
2nd nylon brush cleaning was done on Oct. 26, when
the fouling resistance rose to 5% 10°m*h’C/Kcal. The
3rd on Jan. 12, '79. The situation would indicate that
the sponge ball can not clean out the tenacious film
and an asympototic formation of the film may be
caused and enhanced by the continuous sponge ball
cleaning. ‘

T3 (Ti, SB: 6 balls/h/W) presented the maximum
increase in fouling resistance by 16 x 10 m?h°C/Kcal
for one week. The average increase in fouling resist-
ance was 9x10° m’h°C/Kcal per week. The fouling
resistance after cleaning (which could not be removed
by the regular sponge ball cleaning; residual fouling
resistance) tended to steadily increase with the course
of time as well as T1 tube, for example 3x 10~ and 8
%10 m?h°C/Kcal on Oct. 20, '78 and Apr. 5, ’79, res-
pectively. Therefore, the total fouling resistance, the
weekly increase plus the residual, reached near 15x
10”° m*h°C/Kcal before the sponge ball cleaning in
Feb., '79. Under the filamentous deposit, the above-
mentioned tenacious film began to appear, resulting
in the occurrence of residual fouling resistance.

A3 (Al-brass, SB: 6 balls/h/W) showed the maxi-
mum and average fouling resistance of 9x10~° and 4
X 10~ m*h°C/Kcal, respectively. Roughly speaking,
the fouling resistance of A3 tube was 1/2 times that
of T3 tube. Also A3 tube did not reveal the phenom-
enon of the residual fouling, and therefore did not
need nylon brush cleaning.

Al and T4 (Ti, NB: 1 brush/M) had in most cases
gentle slopes in fouling resistance compared with that
of T3 tube. The difference was explained as follows.
Nylon brush could wash out the whole of the inside
deposit thoroughly, and the metal surface was exposed.
On the other hand, sponge ball could remove only an
upper structure of the deposit such as the filamentous
slime, while leaving a base structure of the deposit on
which easily and rapidly would breed the filamentous
slime being seriously deleterious in heat transfer.

A2 (Al-brass, NB: 1 brush/M) revealed the superior
biofouling resistance than Al tube. The fouling resis-
tance in summer was maintained lower than 5x10°
m*h°C/Kcal by the monthly nylon brush cleaning. In
the rest seasons, however, the remarkable increase
over 15x107° m*h°C/Kcal for one month was experie-
nced a few times a year.

The ratio of overall heat transfer rates of A3 to
T2 is illustrated in Fig. 8. The bottom and top points
correspond to the ratios before and after cleaning A3
tube, respectively. A3 tube before cleaning had in most

cases the lower overall heat transfer rate than T2
tube. SB cleaning (6 balls/h/W) made the heat tran-
sfer rate of A3 tube increase by 5 to 10% than T2
tube. NB cleaning, particularly, presented the highest
performance of A3 tube, but the effect of NB cleaning
on the heat transfer rate continued only for a short
period.

In conclusion, the titanium condenser tube continu-
ously cleaned by carborunudum ball, fox example 1
ball/2h, remained free from biofouling and its heat
transfer performance was practically competitive to
the aluminum brass condenser tube intermitently cle-
aned by sponge balls with the recommended frequ-
ency of 6 balls/h/W.
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Fig. 8 Overall heat transfer coefficient ratio of
A3 tube (Al-brass SB: 6 balls/h/W) to
T2 tube (Ti, CB: 1 ball/2h).
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34 lns1de dep051t

cle 1ngs s, ‘showii ,n Flg 9 In sp1te 16

\rements of volumes, it wds clear ‘that’ ‘the depos1t of

T3 tube was_more bulky than those of Al, T4 and A2
e : olurnes of deposrts of

growth rates Was’ dlscussed earher

(2) Effect of tube material

Fig.10 reports the effect of material on the growth
rate of-the deposit. The-growth rate of- the.filamentous
shme on titanium was twice heavier than that on the

alummum brass. If the stacking condition of the dep-.
osit at the sedrmentatlon adopted in the meastirement’

of deposrt volume is equal to thé in-situ’ cond1t10n at

passmg water, Fig. 10 mdrcates that the slime layer

of 0.13 mm in thickness was formed on the titanium
T3-for-one-week on-the-average.. . ...——-

3) Thermal conductivity and fouling resistance

The relation between the amount of inside deposit
and the fouling resistance is plotted in F1g 11. Acco-
rding to the assumption above-mentioned; the abscissa
means ‘the ‘apparent thlckness ‘of the deposrt

The regression-line isiast. = =

. Eﬁﬁ .

‘(0 012 andi

of deposrt on T3 ‘tube was” nearlyitw1ce hrgher"
‘ d1fference between thelr'

ﬁ ﬁ Sedel ep i Bl Apr11 1981
R _1_,,,“ : il .
SE
4= T 3
o 5.0.015F -
<O~ R -
us:g : T “ -
P 050LF g
8" ' .
Q- 1,
o - P
[T i
= .
5 %
E 1
’ 0. oo5 0. 01 0. 015 0. 02 0. 05 0.0

In5|de de0051t of T3 tube (wet oc/cm )y
Cornparlson of the inside deposit between

ity T8I(Ti) and. A3 (Albrass): w1th the same -

s cleanmg of SB 6. balls/h/W e

Y = 2+ 550X e
e N g B A e (5)—
X' = 10X e (6)

Y : Fouling resistance (X107 m2°C/Kcal)
X Amount of inside deposit (cc/cm?, wet)
: Apparent thickness of inside deposit (mm)

From Equat1on (4), the thermal conductivity of depos1t
was calculated to be about 1.5 Kcal/mh°C, being 3
times greater than that of water. The expected value
was approximately the same as that of water, because
water content of the filamentous deposit was more
than 95% in the above-defined measuring condition.
A discussion is given of this result in the next cha-
pter in connection ‘with the compaction or flatting out
of the deposit and the pressure drop developed with
the deposit formation.

'(4) Chemical compositions

‘Table 2 reports.the chemical compositions of deposits
removed not only from-the: model condenser, but also
from the relevant No. 2 unit of Atsumi Power Station.
In the power station, alummum Brass -tubes are the
main condenser tubes, while titanium tubes are insta-
liéd in the air-removing section of the* condenser, so
that deposits removed from both mater1als were ana-
lyzed.

Si0; and LOI (Loss on Ignition) were the main
components. SiO: evidently seemed to be trapped in
the filamentous deposit:"In some ‘cases, a great -amount
of both Fe and Mn was detected. The greater part of
Fe may result from oxidation and deposition processes

g : 7*_.0§T3>(© 2weeks) "
= 25“v",:A3(G) 2week5> T -
B SOUTA i B0 ERPS R i
.,,E-QO_:‘I‘A2~— o ‘ Ny
) L /' ‘}\;T 1 (NB cleanung) A .

~ 15 —

oo vk ‘5

Q. .70 o
5 o) |

N

° | 4808
?:D “he : L=

£ 5 178
St 190 §
&'y—?—;": q ) : . : <

i Q ) | 100 i
g 0.0057°0.01 -0: 015 0. 02 70.0250.03° (cc/cm e
L 0.0550:1 900,15 0.2 0,26 0.3 i tmm)

~inside deposit: (wet) -

F1g 11 Fouling re51stanse vs apparent th1ckness )
g " of inside deposit. ‘ -
- k::Based on.an -overall héat transfer .

.- coefficient of 3,1710;kea‘l‘/m2‘9‘C

of the iron ion due to the corrosion. of steel components
in the cooling water l1ne But, Mn deposmon is obyi-
ously not explamed by the same process from the
pomts of scarce Mn source ‘in the coolmg water line
and the hard oxidation of ‘Mn 1on ‘at the’ pH of natural
sea water. In’ this regard it must ‘be ‘taken into cons-
ideration  that’the microbe forming the filamentous
deposit 'may play an 1mportant rolé for the: format1on
of  Mn rich-deposit. - ; L

The  above- mentloned morphology of the fllamentous
deposit suggests that the dominant microbe: is - possibly
identified . as_ one. of the sheathed bacter1a such as
“Leptothrxx” and “Sphaerotﬂus” ‘The characteristic “of
these bacteria is reported that’ they, expecrally “Lept—
othrix” are capable of ox1d1z1ng Mn “and" Fe jon and
prec1ptat1ng thesé oxide on their seath-surface®. As
indicated in table 2, Mn- and Fe contents were consid-
erably - rich’ in' the ‘innet: portion of the deposit:comp-
ared with those in ‘the upper.‘portion (T1-NB, A3-NB).
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Table 2 Chemical compositions of inside deposit (w/o).

Sarhpling' | Tube geaning* " Fe Cu Mn15102 Lok |
Al | "WNEB:L, 3.2 0.8

A2 | NB:i. | 31

22

-| May.26, 1978

A3 | SBif - |- 2.8

0.6

e pgds SBi6 | .38

<047 e

6.2

Al NB:1 3.4
A2 CNBEL 3.4
SB:6
s [t _ﬁ“?@ﬁ‘ :
NBIL |
-(secondly) | . 10.8 ,
A4 NB:1 | . 5.0 17:6
NB:1
- (firstly) 4.'4
Oct. 26, 1978 | T1 |— ad :
| NBi1

.5 67 "h88i2"

(,set;ondly) -

T2 NB:1" | 3.0

SB:6 | 0g ‘ TN S RO
dirstlyy | o 32| <0l
e T3 NB:1 3.4 05 | 132 . 67 | ..454. | 1108 |
b L2 (secondly) .2 B O Ry e e B I et/ S FH Mty X Rl A Pl O B
T4 | sBie |30 0.3 1.5 19.3 46.8 | 1755 |
- A | .| 26 2.6 10.2 18.4 36.8 10.96
Apr, 1979, No.2| 4 ass|  NB:1 2.4 3.0 110.0 13.4 39.1 12.65. |
| umit.of Atsumi T e |27 | <0a a6 | w0 | 306 "885; |
T . e 1 1 a . . ;,/’ . . A . B
P/s T T NB:1. - 28 <01 |7 467 | 804 300 - 852!

*: NB Nylon brush, SB Sponge ball, Figures ' after these abbrev1at10ns 1nd1cate a number of passes of cleamng

balls or brushes:, . e
*k:-Loss. on 1gn1t10n N

Flg 12 shows" SEM pxcture of the “brown ténacious film
coniposing the inner portion of the deposits formed on
T1 and T3 tubes (sampled after the given SB cléaning)
The surface .appearance of the film was completely
smooth and nothing microbial was observed on the film.
| Summarizing, the results obtained suggest that Mn
and Fe rich film in the ‘inner pOl‘thn of the deposit
was’ resulted from a series of processes_ which 1ncluded
vegetatlve “growth of the sheathed,iron bacterla pre-
cipitation- ‘ofMn- and-Fé oxide -on_th -"f..sheath surface,
1ncomp1ete removal of the bactaria by passing sponge
balls, slight residual of the sheath fragment containing
Mn and Fe; after frequent repetitions of the above
processes thetbrown tenacious: film:'was’estabished.
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ER B & B & W

3.5 Pressure Drop

The pressure drop for full length of each test tube
from Aug. 31 to Dec. 1, '78 is shown in Fig. 13. It is
clear that the rapid recurrence and heavy growth of
the deposit caused “sawtooth” pattern of pressure drop.
The “sawtooth” of T3 tube was remarkable compared
with that of A3 tube. The maximum weekly increment
of pressure drop for T3 tube was 230 mmHg for 11m
of full length, while that of A3 tube was 90 mmHg for
11m. Relations between water feed rate and pressure
drop for all the test tubes are summarized in Fig. 14,
indicating that the water feed rates of T3 and A3 tubes
decrease by 24 and 7%, respectively, due to the growth
of the inside deposit, if the cooling water is supplied
under the constant pressure necessary for 2 m/s of
the water velocity under the clean condition of tube
surface (3 and 34 m*/h for aluminum brass and titan-
jum, respectively, in Fig. 14).

The apparent thickness of the deposit is plotted as
a function of the increment of pressure drop in Fig.
15. The relatively high correlation obtained suggests
that the measurement of the pressure drop will be
useful for a rough and indirect estimation of the
thermal fouling resistance of condenser tubes on site.

3.6 Corrosion

The weight losses measured with the short tubes
inserted at the exit of each test tube are given in
Fig. 16. The carborundum ball cleaning of 1 ball/2h
for the titanium tube T2 caused a very slight corrosion
of 0.30r 04 #m/Y, being negligible from the practical
point of view. The increase in diameter of the carbo-
rundum ball from 25 to 27 mm did not affect the
corrosion of titanium. The sponge ball cleaning of 6
balls/h/D corroded A3 tube with the corrosion rate of
about 0.1 mm/Y. As far as the aluminum brass tube
is concerned, 6 sponge balls/h/W or equivalent is
recommended.

6001 7
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Fig. 13 Pressure drop data (full length).
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4. Discussion

It has already been pointed out that simple calcul-
ation from Fig. 11 presents an unexpectedly large
thermal conductivity of 1.5 Kcal/mh®C. A discussion
is given of this point in this paragraph.

Firstly, the indirect.thickness.-measurement by the
sedimentation above mentioned tends to present thicker
value to some extent than the in-situ thickness. Acco-
rding to the preliminary test, the sedimentation for
more than 4 hours, for example 8 hours gave the
further decrease of the deposit volume by only 10%
of that for 4 hours. The effect of the sedimentation,
therefore, in the calculation of the film thickness was
considered to be minor.

The major effect taken into account would be a
compaction of the deposit or flattening out the deposit
thickness by the drag-force of passing water in stch
a way as weeds in river. Particularly, the filamentous
biofilm observed in this experiment must tend to
furthermore suffer from the compaction than the “E.
Coli” film described by Bott and Pinheiro®.

Secondly, the heat transfer resistace of the filame-
ntous biofilm has two components; the stagnant layer
in the inner portion of the film increases the heat
transfer resistance by conduction. On the other hand,
the fluctuant layer in the upper portion of the film
acts in the direction to decrease the heat transfer
resistance by convection, accompanying the increase of
pressure deop due to its rough surface.

As the biofilm developes, the convective heat tran-
sfer will be enhanced, as follows.

hiy= C hio

where, h;s= Heat transfer coefficient of the biofouled

surface (Kcal/m*h°C)
C = Enhancement rate (1)
h;,= Heat transfer coefficient of the clean sur-
face (Kcal/m2h°C). ‘
=0.023 (1/D) Re®®Pr°-
D =1Inside diameter (m)
2 = Thermal conductivity (Kcal/mh 0y}
Re = Reynolds number
Pr = Prandtl number
Then the fouling resistance r is obtained from Equat-
ions (1) and (7), based on an assumption that the heat
transfer coefficient on the outer surface is independent
from the inside situation. -

_ 1 1 x
()
. where, x’=Thickness of the inside deposit (m)

=Thermal conductivity of the insibe deposit
(Kcal/mh°C)

For the biofouled tube, the first term of Equation (9)

is negative. This suggests that the real thermal cond-

uctivity of the biofilm is at least less than the appa-
rent value calculated from Fig. 11.

In the next place, the relation between C and pres-

sure drop is described in order to estimate the degree

(39)
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Fig. 17 Regression between increment in pressure
drop and apparent thickness of inside deposit.

of compaction of the biofilm under the turbulent flow

condition.” Fig. 17, the logarismic transfer from Fig.

15, indicates the average increment of pressure drop

with the development of the biofilm is,

AP=2.69x10"(x")*"

where, 4/P=Increment of pressure drop based on the
clean condition at 2m/s of water speed
(mmHg/m)

As the pressure drop under the clean condltlon at 2

m/s of water speed is approximately 20 mmHg/m from

Fig. 13, the average pressure drop:of the biofouled

tube is given as a function of the film thickness,

P —1413x10 G an
where, P =Pressure drop of the biofouled tube
(mmHg/m)
Po=Pressure drop of the clean tube
(mmHg/m)

Fig. 18 reports the comparative performance of enha-
nced tubes such as inner finned and corrugated tubes
with both respects to heat transfer coefficient and
pressure drop®'"’. . The experimentally. determined
conversion efficiency. of these tubes from pressure
drop to heat transfer coefficient distributed within the
range of square root of pressure drop to first order
of pressure drop. As far as we know, the corversion
effeciency of interest has mnot been fully developed
yet from the theoretical point of view.

Then if there is a close analogy between the biofo-
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present work:

1) On both titanium and alminum brass tubes, the
same filamentous microbial was predominant and veg-
etative through the year round, developing into the
slimy deposit. The microorganism seemed to be iden-
tified as iron-bacteria.

2) -~ As more than 95% of deposit was the -water
content, the thermal conductvity of deposit could be
-understood to be nearly the same as that of the water.
In regard to the compaction of the deposit; the in-situ
thickness at 2m/s of water speed was pointed out to
be less by 25% to 50% than that at the sedimentation
described here.

3) In the case of the weekly sponge ball cleaning
(6 balls/h/W), the titanium tube fouled at about twice
the rate of the aluminum brass. The fouling resistance
of the titanium tube increased by 9x10~° m?°C/Kcal
for a week on the average, while 4x 10~ m*h°C/Kcal
for the-aluminum brass.

4) 1In addition to the increase of heat transfer resi-
stance, the growth of the filamenteus organism intr-
oduced the remarkable increase of flow resistance.
Under weekly sponge ball cleaning, it was frequently
experienced that the pressure drop of the titanium
tube nearly doubled only during one week of operation
without sponge ball cleaning.

5) The sponge ball cleaning for titanium tube
gradually produced the residual fouling, being an
asymptotic development of the thin tenacions inorganic
film containing Mn, Fe and SiO.. In order to remove
and prevent from the residual fouling, needed was
nylon brush or carborundum ball being more abrasive
than sponge ball.
~ '6) The carborundum ball cleaning of 1 ball every
2. hours (1 ball/2h) kept the titanium tube free from
fouling. The nominal size of 27 mm diameter carbor-
undum ball was superior -to 25 mm diameter ball in
order to maintain high efficiency for the titanium tube
with 25.4 mm OD and 0.5:mm thickness. In either case,
the titanium tube corroded with the same corrosion
rate of 0.3 ;to '04 p#m/Y, being nigligible from the

(40) o TR B2 & BoEOR April * 1981
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rae o C varies s follows, e e SR
C=P/Po)", n=05t01 ~  wrre(12) A :Taporek”! - (Corrugate tube)lin0O.D.Re=40,000
Equations (9) and (12). produced Fig. 19, where n=1 A Young® (Corrugate tube)1in O.D.2m/s
in Equation (12), ¥ =0.5 Kcal/mh°C, degree of comp- _ | © :Takahashi 9 (Corrugate tube)%i'n 0.D.2m/s
action of the deposit=0 to 50%. Almost all of the data 8 Rl iosrr‘]i,‘;a‘:’n?llol)) Egg::‘:gzi ,El‘jgggsl/sl‘ o 8' 8' 2m/s
given in Fig.1l were included between B and C lines -2 c |—: Ploasi nl toub:a £ Re =30,000 to 50,000
with compaction of 25% and 50%, respectively. Accor- s % 4
ding to Bott and Pinheiro, an increase in Reynolds ‘g <
number by a factor 25 (from 63x10° to 153x10°) 3 3
promoted flattening the slime by nearly the same %9 il
factor (245 to 100pm). The degree of compaction in 3o AN L/ LT
our case was of the same order of magnitude as that & £ A A 9/4 |
by Bott and Pinheiro. ' 222 ’ - S
= Q/ o T
- -
4. Summary T A
The following conclusions can be made from the‘ . ' ; = . T ‘8 5

Pressure. drop ratio (enhanced tube/plain tube)

Fig. 18 Conversion efficiency of pressurevdrop
to heat transfer coefficient for enhanced
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practical point of view.

7) The titanium tube with the carborundum ball
cleaning of the high frequency accomplished nearly
the same heat transfer performance as the aluminum
brass tube with the sponge ball cleaning of 6 balls/h/W.

8) As far as the aluminum brass tube was conce-
rned, the weekly sponge ball cleaning was recomme-
nded from the stand points of heat transfer and
corrosion. The sponge ball cleaning of 6 balls/h/D
yielded a high corrosion rate of about 0.1 mm/Y, sug-
gesting the cleaning level was heavily excessive.
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The Role of Zirconium to Improve Strength

and Stress-corrosion Resistance of Al- Zn—Mg
and Al-Zn-Mg-Cu Alloys

by Hideo Yoshida and Yoshio Baba

Experiments were carried out to clarify the role of zirconium to improve strength and stress-
corrosion resistance of Al-6%Zn-18%Mg and Al-6%Zn-18%Mg-1.5%Cu alloys.

Addition of approximately 0.2% zirconium followed by ingot homogenizing at 450°C for 8~16
hr improves remarkably the strength and stress-corrosion resistance of those alloys. Electron
micrographs show zirconium in Al-Zn-Mg alloy precipitates in form of metastable Al:Zr during
the ingot homogenizing. Spherical Al:Zr particles are found to inhibit the growth of subgrain when
the particles precipitate at a certain size (100~500A) and spacing (0.1~0.5pm). This is why the
strength and stress-corrosion resistance improve. On the other hand, quench sensitivity of Zr-bearing
alloys increases a little in the above condition since MgZn. stable phase precipitates at the misfit
surface between Al:Zr and matrix during slow quenching.
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Table 1 Chemical composition.

(wt.%)
No. Zn Mg Cu Zr Si Fe
1 | 59 | 1.80 | — |<0.01|<0.01 | <0.01
2 | 5.9 | 1.81 | — 0.10 | <0.01 | <0.01
3 | 595 | 1.85 | — 0.18 | <0.01 | <0.01
4 | 592 | 1.84 | — 0.31 | <0.01 | <0.01
5 | 5.91 | 1.85 | 1.55 | <0.01 | <0.01 | <0.01
6 | 5.92 | 1.86 | 1.52 | 0.10| <0.01 | <0.01
7 | 6.01 | 1.85 | 1.51 | 0.20| <0.01 | <0.01
8 | 6.00 | 1.88 | 1.58 | 0.30| <0.01 | <0.01
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Fig. 1 Effect of Zr content on 150°C aging characte-
ristics of Al-6%Zn-1.8%Mg and Al-6%Zn-1.8%
Mg-1.5%Cu alloys.
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Fig. 2 Effect of ingot homogenizing on 150C aging'
- characteristics of 0.2%Zr bearing alloys.
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Fig. 3 Effect of ingot homogenizing on natural aging
characteristics of Al-6%Zn-1.8%Mg-0.2%Zr ally.
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‘ Fig. 5 Effect of ingot homogenizing on peak strength
of 150°C aging curve of Al-6%Zn-1.8%Mg-0.2%
Zr alloy.
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Fig. 4 Effect of ingot homogenizing on natural aging
characteristics of Al-6%Zn-1.8%Mg-1.5%Cu-
0.2%Zxr alloy.
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Fig. 6 Effect of ingot homogenizing on peak strength
of 150°C aging curve of Al-6%Zn-1.8%Mg-1.5%
Cu-0.2%Zr alloy.
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3\/- i o 450°C-X 24hr.

S . | =550°Cx24hr

%

L e | Aot 1%

z g «Zr free A
E £ 0.1%Zr 450°Cx 8hr
T 0— = 0.2%Zr | Ingot Homogemznng

Average Cooling Rate (°*C/sec)

Fig. 7 Effects of ingot homogenizing and Zr content on
quench sensitivity of Al-6%Zn-1.8%Mg alloys
(T4 tempered).
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Fig. 8 Effects of ingot homogenizing and Zr content on
quench sensitivity of Al6%Zn-1.8%Mg alloy
(T6 tempered).
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Table 2 Effect of ingot homogenizing and additional
elements on stress-corrosion crackmg
(accelerated S.C.C. test).
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Fig. 9 Effects of Zr content and homogenizing condition on the microstructures

of Al-6%Zn-1.8%Mg alloy ingots.
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Fig. 10 Characteristic X-ray analyses of giant com-
pound in Al-6%Zn-1.8%Mg-0.3%Zr alloy ingot.
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Fig. 11 Electron prove microanalysis on homogenized ingots of Al-6%Zn-1.8%Mg 0.2%Zr alloy.
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" Electron prove microanalysis on homogenized ingots
of Al-6%Zn-1.8%Mg-1.5%5Cu-0.2%Zr alloy.
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Fig. 13 Effects of Zr content and homogenizing condition on the microstructures
(cross-section) of Al-6%Zn-1.8% Mg alloy sheets.

~grain boundary) & £ o= v s RSB CHEER
MED NI O THNETEEFTHFH LU L F~, Fig 17
B RCREAKEANE, 7V E2HMCTHE S50

100°C x 16hr OEIRFREZFIL Toaddhic> L*Tﬁ?ﬁﬁ%ﬁf;

SR TH B, 100A DFOBMTTHEBE LT < b Y

v 2 ARITHEL TV 305 7 (MgZn:) T, 100~500
AR D BV dHEAEROEEYHB VA = v s R_LE
MTHB T EMVERINIZ, BRI TR VIS T LE
LHIRHEMIBBIN T B, ThifbaBARO~ b
Vo 7 ZDHBLIBZIDEEADNS, HNAL NS
DUV LAREEHDIDE ST INTHEOMHS
PTH5b, ‘

Al-Zr RA& O EET 3 EROBFAE "V 5 350~
550°C OESLHEE B THH T 32 &M RALZT T, Coké
VI3RS IEA T v R = 9 2 L AUKRTFEN (@a=4.05A)
2y OWOIFRTH D, BT S &EEHEORKRD
EAE (a=4.013A, ¢=17.32A) RZELTE L Vb
S TWb, AR THEIN I va v 2O HIITEL
THITCOMTRICBY HHBEIE AL EEATE

WEBDND, BICAS0C THEGHLE L IiREiow
TRIFEEEROBERFEL TV B O LHEEIN S,
P EOBEREED 5 0.2%Zr 25U =N EEOHHROBE
fEBSLEE 21575 5 & AlLZr %2 L T4507C x 8~24hr DF
ML TR, 100~500A CRET 5, COBEDOKRE 3TO1

~0.5pm O THE L R T R 28751 U
ERBORERHIT TN B EMbhbr oz, &) UILER

#rzd Fig. 14, 15 WRUCROEEEHE S LTEA
% & OB OSHEMEIN & U < GRS BRI 2 5 0
AlLZr OFTHMIC & > THERBOREVHT 605 5
EWVSCENTES, U L s ALZr BSEEL TERIR
D HBERIEED I EZOHRI I EPT L ROMEHERD
100~200#m OB EERKLIE 12 5, 18 BAI-Zn-Mg-Cu &
& TSRS 5 F VBRI N TICE U A M2 B
SRS bR TVHBI ST, Cu 25ATES
TizALZr & B1r » ZAICUZr2 o b8y (AICuZr) ™ 5H7
H3 290 ZBALNIDBREDL CAERBTETWVED,
BIEEREE L BYENES 3 VIRGTEEZhE0R
BHREP L VI Zy LORENCOVTEBET S, BER

— 48 —



Vol. 22 No. 1, No. 2 Al-Zn-Mg¥ & ' Al-Zn-Mg-Cuf O & T EEEMORE I T o va = ¥ ADFE

500°C X 24hr 550°C X 24hr

0.2mm

Fig. 14 Effect of homogenizing condition on the microstructures (cross-s’ection) :
of Al-6%7Zn-1.87sMg-0.2Zr alloy sheet.
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Fig. 15 Effect of homogenizing condition on the microstructures (cross-section)
of Al-6%Zn-18%Mg-1.5%Cu-0.2%Zr alloy sheet.
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a) As cast

b) 450°C X 24hr
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Fig. 16 Electron micrographs of Al-Zr precipitates in Al-6%7Zn-1.8Mg-0.2%Zr alloy sheet.
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¢ ) Al —=Zr Compound d ) Matrix

Fig. 17 Electron micrograph and energy dispersive analyses of X-rays of
Al-6%7Zn-1.8%Mg-0.2%Zr alloy sheet. (450°C X24hr ingot homogenizing)

a) Zr free, 0.1°C/sec b) 0.2%2Zr,0.1°C/sec c) 0.2%7Zr,W.Q.

Fig. 18 Quenched structures of Al-6%Zn-1.8%Mg alloy sheet (450°C X8hr ingot
homogenizing). a) Zr: free, A.C.R. (average cooling rate) = 0.1 'C/sec,
b) Zr=0.2%, A.CR. =0.1C/sec, c¢) Zr=0.2%, water quenching.
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Fig. 19 Electron micrograph of Al-Cr precipitates in
‘Al-6% Zn-1.8%Mg-0.22% Cr alloy sheet (450C X
24hr ingot homogenizing, 450C X2hr W. Q).
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