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The Effect of Annealing Heat Treatment Affecting to Corrosion
Resistance of Copper and Copper Alloy

Jin-Kyu Lee

Dept. of M aterial Engineering Graduate School,

Korea M aritime University

Abstract

Copper 1s a well known alloying element that is used to improve the
resistance to general corrosion of stainless steel as well as copper alloy. And
Cu cation have the anti-fouling effect to inhibit adhesion of marine algae and
shellfish to the surface of heat exchanger cooling pipe or outside wall of the
ship. Therefore there are some anti-fouling methods using the copper such as
anti-fouling paint mixed with copper oxide or MGPS(Marine Growth Preventing
System) by using Cu cation dissolved to the sea water solution.

However, although a copper have the anti—fouling effect, it cannot be avoided
that copper and copper alloy materials were inevitably corroded in sea water
solution with dissolved oxygen or chloride ion when a heat exchanger was
constructed with copper and copper alloy for anti—fouling. Therefore in order to
get the synergic effect of the anti—fouling as well as corrosion resistance it is
necessary to improve corrosion resistance of copper and copper alloy by some
optimum methods.

In this study, the annealing heat treatment to promote the corrosion resistance
in sea water solution was investigated with a electrochemical point of view.

Annealing heat treatment was carried out with parameters of heating
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temperature such as 100C, 200°C, 700°C, 800C, 900C and 1000C for 1 hr. The
corrosion resistance was evaluated with electrochemical methods such as
variation of corrosion potential, anodic and cathodic polarization curves, cyclic
voltammogram, AC impedance, SEM photograph and vickers hardness

measurement etc.

Chapter 3.1 shows the effect of annealing heat treatment to the corrosion
resistance of pure copper.

The grain size of the surface at 700°C annealing temperature was the smallest
than that of other annealing temperatures, and the corrosion potential showed
more positive potential than that of other annealing temperatures.

The galvanic current between Ti and Cu with annealing temperature at 700C
was the largest value in case of non—flow condition, however in case of flow
condition its value was the smallest than that of the other temperatures.
Therefore in order to increase anti—fouling effect by Cu cation, in non-flow
condition of sea water, the optimum annealing temperature was 700°C for one

hour, however in case of flow condition non heat treatment might be desirable.

In chapter 3.2, the corrosion resistance with annealing heat treatment was
investigated about Cu-10%Ni1 alloy.

Vickers hardness value was decreased with increasing of heating temperature.
However corrosion resistance showed the increasing tendency with increasing of
heating temperature. Especially it was shown that corrosion resistance was
clearly promoted by annealing temperature at 1000C more than other
temperatures.

Annealing temperature at 2007C, vickers hardness increased than other
temperatures and corrosion resistance was slightly improved compared to the no
heat treatment. So in case of considering the mechanical property as well as
corrosion resistance, it is considered that the desirable heating temperature may

be 200T .
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Chapter 3.3 was examined about Cu-30%Ni alloy in sea water solution with a
electrochemical point of view.

Vickers hardness was decreased with increasing heating temperature the
same as Cu-10%Ni alloy. However in annealing temperature at 2007C, vickers
hardness contrary increased than both no heat treatment and other heating
temperature. The improvement of corrosion resistance was also observed
with annealing heat treatment the same as Cu-10%Ni alloy. Especially in case
of Cu—-30%Ni alloy, corrosion resistance was apparently improved in annealing
heat treatment at 1000C. Thus to improve the corrosion resistances in sea
water as well as anti—fouling effect, the annealing heat treatment may be
important for Cu-30%Ni alloy . Eventually, it is necessary to perform the
annealing heat treatment for corrosion resistance improvement of Cu-Ni alloy

material which is being used as a heat exchanger having the anti-fouling effect.
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Table 2.1 The series of electro motive force for various metals.

metal/metal electrode potential (V) metal/metal electrode potential (V)
ion librium | vs normal hydrogen electrode | ion librium | vs normal hydrogen electrode
Pd/Pd? +0.987 Fe/Fe*" -0.440
Ag/Ag’ +0.799 Fe/Fe® -0.036
Hg/Hg™ +0.788 cr/cr® -0.744
Cu/Cu™ +0.337 zZnizn* -0.763
Cu/Cu’ +0.522 Mn/Mn** -1.029
Ha/H* 0.000 TilTi* -1.630
Pb/Pb™* -0.126 Al/AI% -1.662
Sn/sn® -0.136 Mg/Mg** -2.363
Ni/Ni** -0.250 Na/Na' -2.714
Co/Co** -0.277 KIK* -2.925
cd/cd™ -0.403 Li/Li* -3.045
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Table 2.2 The galvanic series of various metals in sea water.

Platinum

Gold

Graphite

Titanium

Silver
Hastelloy(62Ni,18Cr,18No)

18-8 stainless steel (passive)
Inconel (passive) (80Ni,13Cr,7Fe)
Nickel (passive)

Monel (70Ni, 30Cu)

Noble or cathodic Cupronickels (60-90Cu, 40-10Ni)
Bronze (Cu-Zn)

Copper

Brass (Cu-Zn)

Hastelloy b(62Ni, 18Cr, 18No)
Inconel (passive) (80Ni, 13Cr, 7Fe)
Nickel (passive)

Tin

Lead

18-8 stainless steel (active)

Cast iron

Steel or iron

2024 auminum (4.5Cu,1.5Mg, 0.6Mn)
Active or anodic Cadmium

Zinc

Magnesium and Magnesium alloy
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Fig 2.6 Schematic diagram of oxygen concentration cell.
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M = M"+ne (2.13)

AG = -nFAE (2.14)
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A 1% 2 FRTAZ G 42133 2o] FEo] g oA

2 9S W AFukSo] AYE Nenstd] o2 ZASH 2 (2.18)3 7t}
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Gaol ol wiky SaodolA] oo wLsl MW wEsl wWakd W
o oBge) A9 @ FeA Bed, oo A% 33 TuHe
#=°+RTIna (2.15)

otk 4ol AWelMel FEu FEol2e A JUA wWHS sl
7] Wl 919 4 (213) g o A

[M ™][e]"
[M] (2.16)

AG = AG° + RT In

o7 yetd 5 gdow [elet [MIS JFokal &) unity® 7+53A o).
aHE=2 A7 A (216)E

AG = AG® + RTIn[M ™] (2.17)

o w o)l E=—2C 5 qqsw
_ o RT, (asgos=c
B e Manaszss
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_ o, 00591 [M™]
n [M] (2.18)
n Rk&o] Fold HdAe F ol & do] 4 (96,487 C/mol)
R 71474 (8.314 J/mol °K) T Ad<= (°K)
2 (218)7 #Ze oA aAE A9 o= Yeldl+= Nenst 4
th. Nernst 2o Al 3 549 W3 FFEQd AABEE H3
2l (2.18) oA lam 25T, w50l 1mol ZFejell A 73 49
(EHZ Yeta ot dE = Fedl EEdF49E

W (Standard chemicalpotential) = 20,300 ca’/
(2.19)

E =-20,300cal / nF (2.20)

£ _ —20300x4.23 _ .,
2 x 96500C

of\
o
iy
Lo

3T
3t

2792 Table24o] vreby 9o,
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Table 2.4 Standard potentials for various metal-ion, gas or redox electrodes vs SHE
at 25C%,
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Electrodes Electrode reaction E°V
AU*/AuU AU +3e =2 Au +1.50
Cl/Cl, Cly+2e= 2CI +1.3595
02/H,0 Oz+4H ' +4e 7= 2H,0 +1.229
0,/OH Oz+2H,0+4e & 40H +0.401
Pt /Pt P26 = Pt +1.20
Pd*/Pd Pd*"+2e =2Pd +0.987
Ag'/Ag Ag'+e=Ag +0.799
PbO,/PbSO. PbO,+S0,4 +2H+2e &= PhSO,+2H,0 +1.685
Hg.*'Hg Hg*"+2e = 2Hg +0.789
Fe*'/Fe’* Fe*+e = Fe*' +0.77
Cu'/Cu Cu+e==Cu +0.521
cu®*/Cu Cu”"+2e=Cu +0.337
sn™/sn** Sn**+2e = sn* +0.15
Pt/Hy/H" 2H'+2e = H, 0.0
Pb>/Pb Pb*+2e = Pb -0.126
Sn”/Sn Sn**+2e = Sn -0.136
Ni*/Ni Ni*+2e = Ni -0.250
Co”ICo Co*"+2e=Co -0.277
cd*/cd cd*+2e==Cd -0.403
Fe”'/Fe Fe*'+2e = Fe -0.44
cr¥icr Cr'+3e == Cr -0.74
Zn*'zn Zn*+2e 2 Zn -0.76
Nb**/Nb Nb*+3e = Nb -1.10
Ti%Ti Ti*+2e=2Ti -1.63
AIPIAI Al*+3e = Al -1.662
Mg*/Mg Mg*+2e = Mg -2.363
Na'/Na Na'+e= Na -2.714
ca’*/Ca ca'+2e=Ca -2.870
K'/K K'+e=K -2.925
Li*/Li Li'+e==Li -3.045
218. A9-pH=
ol dAGT EoA F&, FHole ¥ 53T Eo] dAA EAStE
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pHE YEtd Hojtp AAdo R FEysE 4 9L d&ste 8o &4 %
gol wat B4 (immunity), 2] 9(corrosion), % B o (passivity) o = EH
Ht}. Fig 2.129] Fex FAl® 99& FHo| 24 Ay oA A ris £ow

ool dojubA i BEg ol Fe, Fe, HFeO; = EA® 99 Ho

f 64 y =
of AtstZoly FAtslE & H8AAEN) 55 g Ee] e AdAT 99
FE5e Folgta st 179 FeOs FesOs= A Fio sigddct. ©4d
@sh B 747 $2 v wge] WFAAG B B W] WY AN
wan
2H*+2e" « H, Line @
2H++1/202+2€_ — H0 Line ®

Aelo] pHol A AAE Ao AL WA @ug wow Fi shast B4R
w84 O o bk Zkesb B4R AAH DS pHske A8l

A @By v ()T AY Fge vl A2 s 2A) vk deo] 83
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{ \
121 ~~~_|® —
Fe** Tt~
0.8 = ~®_ —
2 o4 Passivity IR
o =
X 2+
B ol e Fex0s |
= T~ FesOs
L o4l Corrosion T~ |
/g; = =~ ~ ~
< ~~_
~ -08[ @ =~
@
12 Fe Immunity HFeOr
1.6 \ \ | \ \ \ \ \
-2 0 2 4 6 8 10 12
pH
Fig. 2.12 E-pH diagram of Fe-Hz0 (298°K, ion activity: 10 (mol/g)) 22,

Fe - Fe?" +2¢

2H*+2e” - H,

Fe+2H" - Fe”" +H, (2.21)
aEu AR SR Fo oW AdAT TR o]t §EAMATE qlvtd H o
A9E " @RGE B4 o 4 23 2 A(2.22)9 & Ho Atz
g &AL FYuks oz dojuhA "
Fe - Fe®" +2e
0, +2H,0+4e - 40H"~
2Fe+0, + 2H,0 - 2Fe** +40H " (2.29)
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i 1- a)nFncj
RT

B O’ﬂFl]C
RT

icor(exp

(7. =E-Ey)

14 A=a)F7, B
RT

H

B anF,?c
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-

-nFn,
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_ Rk N, _pr

2 cor V72 7 nti ,,,
(2.24)
2) Stern Geary 2]
DO FAge] 20mV ~ 50mV o A
i = iw(exp AL S a)nFncj
RT RT
ZagFRZc (I-a)nFn,
i (10 -10 23RT )
_’7 _’7c
i, (107 —10% )
(B, = 2.3RT ’ ,Ba £ 2.3RT 10" =1+2.3)
onF (1-a)nF

) 2.3 2.37
- C 1 C
Icor[( ) —=)=(1+ 7 )j
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o =Pegl
(2.26)

cor 2 3 ,7C

iapp(anodic) —>

1, (mv)

Fig. 2.13 Polarization curve for Stern Geary's equation 22,

3) Tafel 2]

i = im(exp—agTFm -exp““é’i”m)

o A I}z¢to] 50mV o] A= 233
=i [expmj
RT
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. 23RT
logi =logi, log
F
23RT , . 2.3RT
e =—— leor — |Og|
=a+blogi
_ 2.3R7T . _ _—23RT
a="" % log 7 ,,, 6= .y
(2.27)
i, =i

cor

718 Tafel 949 S Fig. 2.140) LEFU Lt}
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o Applied current
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Tafel region

|OQappiied

Fig. 2.14 Polarization curve for Tafel’s extrapolation method??.
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v=i-+R (2.28)
o714, v & AYoez I @9 volto] L, I & AFZ G997 ampereo] t}.
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"W dA g AA wek 2 277 Fr1A o2 Wk, 2(2.29)

V(t) = Vmax °* SIH((Dt) (229)

7N A Ve FT7IAOE Wl A9 T oote] ol w2X+y 3n/2Y W
JFA = HazkolW, o= ZFE = (angular velocity) A1 1 gk 2xnfoltt. o 7] A
f= &9 sec ' HAE FHFE Yy iR A 70 L o
= oln XA g upe} o] o WMAS AR AMRE g glorng o A=

= A(2.300% 2o

l‘ﬁi
\[‘

= = —mex ’ =4 .- sin(wt) (2.30)

A7IA, imaces H AL AFEolTh o] A(230)5 A(2.29)¢ Hlus} BA, A7
o @ A¥ R gl we Gt sk A7 S d dFE
=7t 5 7 dEol B sineol mE gdt 5 ols F YES AN
Zt}.(inphase)

a2 ool FH77F A7 I 2 Foll dZ2HAS AFE AL EA
AAdAor dFEEY FHA7Ie F oMY A=A B Abold #FHA

(dielectric materia) & A Yo THE7]

A},
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Q=_"C
‘v o
max - SN (wt)
(2.32)

a8 =
2=
— 2 =2 =
A A
Il & A7
A7) kel Wsto
= | RER=1

Umax * W * COS (’th)
= Imax ° cos(ot) (2.33)
o] Ao
O RNE
o 1 -
42 o ma= € 3 2:34)
) =] L‘ E. qt
Tt ARFE ok w/2 2o ekt dot obEel Aiye
se) /2 @ AR AR cosined
21(2 R I ) e &5 A )
21(2.33) % (2.34) = 5 gats 7hAa o];\ A
b ~(Out o
f

1 -

max C . v
max ° ©

(2.35)

Ze =
¢ = Vmax /1 B
max 1/((1) .
C) = 1/2xnfC)
(2.36)

ojuf WiFIE ¢
ol el i sh= ok‘o—bﬂj\hj4 A7 AR
kS reactancedtil § 232 Zo A A3
SR = SO R :%Po] PEa = s
= 3 w2 ;T:E
o]t}

2](2.36) 0. 2 R
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AR /\]_/\]O
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& s
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}\] Eﬂ—fﬂ— L —Z'-—:L]—_/F_
= 1l B fQ/]' =
TIFIE obF A& 4 :T;ﬁﬂg] = 7]e] Wkw
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2 A, F47)0 A48 Ad o)

Jot

=

A
e

=
AR

rr

° ARk 90° %A
Adsi oo Ay MR HATAZ Fig 215 o ®el wpep o] wl
H (vector)®] o2 YERITE

z = R+ 2!

¢

AYA G duEEE olF A Me el stdl, fgel 4w ve
75

=

H b
L geRe AP EANT S geng 2A0E d5gs A% Ueh
A

71 fsto] s A i/ DE WA A@R3DI Zol E7]H

ol AYL =HVIZRY de g3 A gAY W £ USS AAE
oluf o] AFZH(phase angle)& 2] (2.38)0] =t}
® = tan '[( R® + Z°)/R] (2.38)

ol T AQ3ID yEd WS F9 AMARWE, A

f
fll
-
oft
=
)
BE
N
oft
R
N

A 4ol Y. dYPAAE SAHN A5 A st "ol Cartesian W4 &

Wol AlgslE R 2(237)% WA Cartesian W2 o® T 2(239)3 2
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Zw) = | 2] (2.40)
y-axis
Q
O
A E O O
z" Z sin® z

® |

\
Z cos®d X-axis
ZI

Fig. 2.16 Representation of the impedance, Z, of a cell on a vector.

Z' and Z" are respectively the real and imaginary
components of the complex impedance.

ZA Al A E celld 71249 wF A V'E AZMAZ A5, cell &

Jot
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2% HAF I¥ Fig 2.17% o] F714 oz Waay, durzloz Ve 'Y
e AAeA @, AFA@E BED. F A4 Fahso mie o
$HEe ARE AAdE donHzA bz AWA 1Z] = Vil
wow Ueus o Brhsdam, AFe Age 9424008 e
g Wart gk o Be WH $HE BA GuelAe uMy F2 uedHw

o2 2(241)¢ #Zo] 7hs
V' = Viax exp(jot) = Vapa(cosot+ jsinot) (2.41)

AZIAM j= V-1, 0 Bt = 5% 2 Aot o] W] ARF S 4

WA ow Voot thE 94 23 A(242)% Yot

I' = Lnax exp(jot + jP) (2.42)
7" = (Vma/Imax) exp(=j®) = |Z| exp(-j®) = Z' - j 7" (2.43)
@
< > Vmax
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Fig. 2.17 Representation of the sinusoidal voltage and current, at a
given frequency, associated with a cell.

V*=voltage, I'=current, ®= phase difference
between the voltage and current.
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(b)

(a)
R c
O—"VW—0 O—A 0O
Z" Z"
!
8
z z
(c) (d)
c
Hl -
O | —O O—LM I
R ¢ ~
R
Z” Z”
o ol e
R Z R/2 R Z

Fig. 2.18 Complex impedance plots for a combination of a resistor,
R(a), and capacitor, C(b), (c) in series and (d) in parallel.
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Cux Al Heo] HHSSAROEEZEME) T 7H 238 A9 dhol
ooE wFel v ¢ HE ved 2ok
@ W) B AEYY] A== (EEEE)7E u s S
@ skl A GEN) 2 A (M) o] FokA Zhe(mT)o] dt.
@ speAl AR L) ol AAM WA (i k) o] F T
@
®

—~ o~

olstE AvAe A oy ATHHaEHd 4ds 7P
olgjgt Ad= QA Cux o 80%7F =% 54U = AMEHY

e A71FHGER TR ofddu. Fa (G d= o8 714 F77F 3

Ak e () 2w ()l Tasky 7 AR BERGT A, A= E0, 7t
T(RR), A Ced), st & =71 vdsttt. S0 o 44 H

71 A A Aol Table 25 % Table 2.60] YEY ol T}

Table 2.5 Physical property of copper.

q A T A A T A
4 A HF 63.57 AAEE, 20C |0.934 cal-em/ K-cr-sec
a4 A F+ % FCC 543 20T 1.7n%-cm
W= 20T 8.89g/crt L34 48.9cal/g
s (UhEED 2595T S84 (s 1083T
H < (2, 20T 0.092cal/g°K £3A] &AW 4.05%

Table 2.6 Mechanical property of copper.

q A T A A A T A
d = 22~25kg/mi A A & 49-60%
94w s s 93~70% g g A 12,200ke/mif
2y di e 35~40 poisson ratio 0.33+0.01

Mo A AES wvd TR, A9, 7t Tl wek 2 mEd
oA Ass sATUEES) e AT F o d® (annealing) ¥ Ao Al F A

gk Aot}

222, s¥w@GR) FH=0RERE) L SA4
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(1) %3 &) © Cu-Zn, Cu-Ti, Cu-Cd
(2) %3 (GHH) ¢ Cu-Sn, Cu-Si, Cu-Al, Cu-Be, Cu-In
(3) FAF L) © Cu-Ag, Cu-P
(4) 7168 (HAh7Y) © Cu-Pb, Cu-Ni, Cu-Mn
Fig. 219v 359 AHHE oltf. S (@) QNS (Hiamx
peritecitic reaction)®l 23fA VA E = a7F A2(EHE) 7R SAstEE A
(A8 a9 @M, single phase) =+ a+ 39 24& 7HHt)
Weight Percent Tin
ool 0 BN @ p @ w @ 0 100
: i
b 1
[ 1]
[
2 E
-
]
| .
]
[N
E
| 1]
[
23L0081°C
(Sn)—=
100 . - - S ———
0 10 20 s 1 80 80 70 80 %0 100
Cu Atomiec Percent Tin Sn
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Fig. 2.19 State diagram of Cu-Sn.

olof H]sfA AHEdH(FHHA) A= T HE (L3 RE,; eutectoid transformati-

on)7F AoIA a7 AX(URE)ANA a+y2 &8 7] wiEol o] FAAE LAY
#1E) S WA (quenching) o2 A=A = 8§13 & (tempering) 3= 52 E A
g (ByZF)S P 4 vl Fig. 220 & HAEo HH=S BolF 1 Qv

Weight Percent Zinc
10 2 30 40 80 &0 0 8o 90 100
- i :

Temperature °C

) 10 20 30 40 50 80 % a0 0 100
Cu Atomic Percenl Zinc Zn

Fig. 2.20 State diagram of Cu-Zn.

a9a AU AN = o Sl =Wl StAREZE L) o] mel Al Taol A
= 7 v ASAIFWEA) 7 doivde® AadA i) s 3d
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o
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AWH o FHTGAM anFAGHEE 43 HE 2ol wort o
FA=HEMIER A HAAE Cu-Zn, Cu-Sn, Cu-Al 5 o}4= A7v]go] o

=l
32

-/n
= Aol won, olf aiufAdAE ALold ¥ 3 (low-temperature
annealing hardening)7} A1tk &# A Aty F5FH FFFAME ol &3l
Ewstel] 7lQlste AEFAsWritiaifk)7 7IHE = Aol A Cu-Cd, Cu-Ti,
Cu-Be, Cu-In 52 AZATa G2 deA Sl

2.2.3. T3 (§; copper)? HAEA

Cut WH-F9] F8A4 Ok £971614 Cu®ol &g AAdstaa EaH

Cu—Cu %42 E°=+0.337V (2.44)
F4 mHoAe FEBAS AZE] BW CurCu’=2Cu 9 WHgo] xo 2
APt uwaba] dubEel RAMHELS Cyolty, W dsE Lo Cu' 9

Cu AbelellA CuCl 7t AA=HE Aol xa Cu'el F2AAE (AR =
He A% dn 28 Z2(Eime] 7 CRKEE ) A = Cu:07F CuOX
o g kA s

UM AH o], Cus HAA(EME) Sl F& W olyg}t 7] AI 7k (BEp
i), @ 2 A719 A=A EEN:) To 4= tds] it 718949
i) 5% G EMF series)oll Al 2 Cux F4AXUY ¢ AAYJCEEERMN)S 7HA 2
= Y da ek Ak G ERE)H el A oby g HAFEAFCERAL
fi%; nonoxidizing acid) =+ F7ICGAFIE T AT FdA = Algh F o] wAY

?‘ﬂ— _/,: 01];]_
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Table 2.7 The main ions in sea water®.



% o] &
(Cations) LE & (Sodium) Na+ 99 30.62
vl 14 (Magnesium) | Mg2+ 87 3.68
ZH 7 (Calcium) Ca2+ o1 1.18
Z} & (Potassium) K+ 99 1.10
2~ E 25 (Strontium) Sr+ 90 0.02
o o] &=
(Anions) <1 A~(Chloride) Cl- 100 55.07
ikl (Sulfate) S042- 50 7.72
< EH2F (Bicarbonate) | HCO3- 67 0.40
F-2ulo] = (Bromide) Br- 100* 0.19
v} 5-+H(Borate) H2BO3- 10* 0.01
-2~ (Fluoride) F- 100* 0.01
Al 100.00
Table 2.8 Electric resistance of sea water
A&
374 422 47.1 52.1
[><10-3%/cm(S/cm)]
H| A &} (Qem) 26.8 23.7 21.2 19.2
Cut AFGANA ]l WA (b)) dieks] Frh Uuk 7] &= (L5
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) AAE sol A FAEE= 0.001~0.002ipy (5~10mdd) ©] & (iE)

o] A& AFole x5 o A 2 ddf AR FdAE FAEKET
T d =AY Cut dlSFa7l=GREAEY) g &8s 7H 44

HE 345 F shuolth A S WA HEEE Culolol YA B (ALY

FRAMAE)S dAe7] Wzoltt. 28y Cus #dt=WWifbd)ol oFst7] ool

o dd gl HeS woll oaiA A #4s dod 5 vk

AR Ee FF@ROAA Cudl 4% a

(AL f) o] EA ol o3, FAo] AL AP HT] HEiA = AFaTvE ¥

9 Fal FAksof shy] wiwolth. o7 A FEH{d)ol | A% A

aE w1 Gk L EF(CRd)l 7 &

AHCHEER) O Sl Gl T olFEA 2 A FASEE dds] Wit

CutAls %=} 8

UH
2.‘:
ofr
=
rir

718 2 AR =

A HH o714 AAE Cufoles T Qi BollM AMEEE (M),

SN (Whsw) v E3FA S (ARG satuation index)”} (£ negative)¢l &
F(xAON A 3] (lime) =+ FAMYHE F(sodium silicate) & 7o =4 Cuel
g Bte e o 9 RAZIA(Fe(EE) S BT & Ut 12y ALY
Agole FER He o Culolol £ Fo EANE 1 JFL WA H
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Fig. 3.6 Variation of galvanic current between Ti and Cu with heat treatment in sea water solution.
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Fig. 3.7 Variation of galvanic current between Ti and Cu with heat treatment in sea water solution.
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Fig. 3.8 Cyclic voltammetric curves of 1st cycle of a copper with heat treatment.

_69_



1.2 - -

1.0 ——Cu-0T
8 —— Cu-200C
0.8 |- Cu-700C
T ocl —Cu-800C 4 2nd Peak
8 adl Cu-900°C
(ﬁ 0.4 | —CU'].OOOOC
>
- T st
> o2 L 1st Peak
B |
E 0.0
o |
o 02}
04 F
0.6 | -

A RSP EU 1 T (ANt L tL e o IR SR N
- 20 -10 0o 10 20

Current Density (mA/cm?)

Fig. 3.9 Cyclic voltammetric curves of 30th cycle of a copper with heat treatment in sea water solution.
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Cyclic Voltammetric Curves (1st)
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Fig. 3.10 Variation of cyclic voltammetric curves (1st) with solution condition of f low and non flow.
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Cyclic Voltammetric Curves (1ST)

1.0

0.8 | Cu-700T

—=— Cu - Flow

0.6 - —e— Cu - Nonflow

0.4 -
0.2 -
0.0

-0.2

Polarization Potention (V vs. SCE)

0.4 |

-0.6

Current Density (mA/cm?)

Fig. 3.11 Variation of cyclic voltammetric curves (1st) with solution condition of flow and non flow.
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Cyclic Voltammetric Curves (1ST)
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Fig. 3.12 Variation of cyclic voltammetric curves (1st) with solution condition of flow and non flow.
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Table 3.1 Variation of active peak current densities obtained by cyclic voltammetric curves with parameter

of annealing temperatures.

1st Peak 2nd Peak
1st Cycl' Crit| 15th Cycle' 30th C ' ' . | 30th Cycle'
: ycle 1st Cycl' Crit | 15th Cycle . Remark
8:;13?; Crg e(r:llsl{tryent Crit Current |[Current Density| Crit Current Crg e(r:llsl{tryent
Cu-Room 15.1 16.9 13.5 14.1 Non flow
Temp. 14.5 18.7 18.5 14.8 16.0 16.0 Flow
Cu-200C 13.5 15.5 13.0 13.4 Non flow
u-
16.2 17.0 16.0 13.9 14.2 14.5 Flow
Cu=700C 16.2 18.8 13.5 16.2 Non flow
u-
13.2 14.8 14.0 12.2 15.7 16.0 Flow
Cu-8007C 15.7 18.5 15.3 16.1 Non flow
u-
15.1 16.5 15.2 12.7 14.2 13.6 Flow
Cu-900T 15.1 18.0 13.9 15.5 Non flow
u-
15.8 16.2 15.8 13.8 14.6 14.2 Flow
Cu-1000C 14.2 17.2 13.1 14.1 Non flow
! 15.6 18.2 17.0 13.2 15.4 15.3 Flow
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Fig. 3.13 Relationship between heat treatment and activity critical current density.
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Fig. 3.14 Variation of corrosion potential with annealing temperature in non flow condition of sea
water.
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Fig. 3.15 Variation of corrosion potential with annealing temperature in flow condition of sea water
solution.
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Fig. 3.16 Cathodic polarization curves of Cu-10%Ni alloy with non heat treatment in sea water
solution.
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Fig. 3.17 Cathodic polarization curves of Cu-10%Ni alloy with annealing heat treatment at 200C(1h).
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Fig. 3.18 Cathodic polarization curves of Cu—-10%Ni alloy with annealing heat
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Fig. 3.20 Cathodic polarization curves of Cu-10%Ni alloy with annealing heat treatment at 900C(1h).
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Fig. 3.21 Cathodic polarization curves of Cu—-10%Ni alloy with annealing heat treatment at 1000°C(1h).
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Fig. 3.22 Variation of cathodic polarization curves with annealing heat treatment in non flow condition
of sea water.
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Fig. 3.23 Variation of cathodic polarization curves with annealing heat treatment in flow condition of
sea water.
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Fig. 3.24 Anodic polarization curves at Cu-10%Ni alloy with non heat treatment in sea water solution.
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Fig. 3.25 Anodic polarization curves of Cu-10%Ni alloy with annealing heat treatment at 200C(1h).
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Fig. 3.26 Anodic polarization curves of Cu-10%Ni alloy with annealing heat treatment at 700C(1h).
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Fig. 3.27 Anodic polarization curves of Cu-10%Ni alloy with annealing heat treatment at 800C(1h).
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Fig. 3.28 Anodic polarization curves of Cu-10%Ni alloy with annealing heat treatment at 900C (1h).
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Fig. 3.29 Anodic polarization curves of Cu-10%Ni alloy with annealing heat treatment at 1000C(1h).

_98_



1.8

Cu-10% Ni (Nonflow)
—=— Room Temp. —e—200C
700°C —v—800C

900C —<—1000C

1.6

1.4 +

1.2
1.0 |
0.8 -
0.6
0.4

0.2

Polarization Potential (V vs SCE)

0.0

-0.2 v

_0'4 1 annl L annl a1 aannl L1l 1 ol ol ol L1 11

10°® 107 10° 10° 10™ 10° 10° 10" 10°

Current Density (A/Cm?)

Fig. 3.30 Variation of anodic polarization curves with annealing heat treatment in non flow condition
of sea water.
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Fig. 3.31 Variation of anodic polarization curves with annealing heat treatment in flow condition of
sea water.
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Fig. 3.32 Cathodic and anodic polarization curves with annealing heat treatment in non flow condition
at sea water.
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Fig. 3.33 Cathodic and anodic polarization curves with annealing heat treatment in flow condition at
sea water.
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Fig. 3.34 Variation of Cyclic voltammogram of Cu-10%Ni alloy with non geat treatment in non folw
condition at sea water.
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Fig. 3.35 Variation of Cyclic voltammogram of Cu-10%Ni alloy with non geat treatment in folw
condition at sea water.
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Fig. 3.36 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 200TC
(1h) in non flow condition at sea water solution.
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Fig. 3.37 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 200TC
(1h) in flow condition at sea water solution.
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Fig. 3.38 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 700C
(1h) in non flow condition at sea water solution.
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Fig. 3.39 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 700TC
(1h) in flow condition at sea water solution.
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Fig. 3.40 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 800TC
(1h) in non flow condition at sea water solution.
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Fig. 3.41 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 800TC
(1h) in flow condition at sea water solution.
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Fig. 3.42 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 900TC
(1h) in non flow condition at sea water solution.
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Fig. 3.43 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 900TC
(1h) in flow condition at sea water solution.
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Fig. 3.44 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 1000TC
(1h) in non flow condition at sea water solution.
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Fig. 3.45 Variation of Cyclic voltammogram of Cu-10%Ni alloy with annealing heat treatment 1000TC
(1h) in flow condition at sea water solution.
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Fig. 3.46 Variation of cyclic voltammogram (1st cycle) of Cu-10%Ni alloy with annealing heat
treatment in non flow condition of sea water.
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Fig. 3.47 Variation of cyclic voltammogram (1st cycle) of Cu-10%Ni alloy with annealing heat
treatment in flow condition of sea water.
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Fig. 3.48 Variation of cyclic voltammogram (15th cycle) of Cu-10%Ni alloy with annealing heat
treatment in non flow condition of sea water.
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Fig. 3.49 Variation of cyclic voltammogram (15th cycle) of Cu-10%Ni alloy with annealing heat
treatment in flow condition of sea water.
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Fig. 3.50 Variation of cyclic voltammogram (30th cycle) of Cu-10%Ni alloy with annealing heat
treatment in flow condition of sea water.
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Fig. 3.51 Variation of bode plots for Cu-10%Ni alloy with non heat treatment in sea water.
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Fig. 3.52 Variation of bode plots for Cu-10%Ni alloy with annealing heat treatment at 200C(1h).
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Fig. 3.53 Variation of bode plots for Cu-10%Ni alloy with annealing heat treatment at 700C(1h).
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Fig. 3.54 Variation of bode plots for Cu-10%Ni alloy with annealing heat treatment at 800C(1h).
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Fig. 3.55 Variation of bode plots for Cu-10%Ni alloy with annealing heat treatment at 900 (1h).
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Fig. 3.56 Variation of bode plots for Cu-10%Ni alloy with annealing heat treatment at 1000C(1h).
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Fig. 3.57 Variation of AC impedance with annealing heat treatment in non flow condition of sea water.
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Fig. 3.58 Variation of AC impedance with annealing heat treatment in flow condition of sea water.
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Photo. 3.2 SEM photographs of corrode surface by anodic polarization curves of Cu-10%Ni alloy with
various annealing heat treatment.
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Table 3.3 The data of vickers hardness(HV) of Cu-30%Ni alloy with
various annealing heat treatment

0C 200C | 700C | 800C | 900TC | 1000T

1 132.7 | 143.3 101.1 | 110.9 =

2 137.8 1259 | 103.5 | 105.9 66.0

3 140.1 | 141.7 = 78.6

4 138.1 | 158.8 | 120.7 95.5 107.7 =

5 142.9 | 126.8 95.0 68.2

6 131.5 127.0 94.4 105.0 75.8

7 142.3 | 122.8 = 102.1 68.9
Hdgk | 136.0 | 145.8 | 124.6 97.9 106.3 71.5
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Fig. 3.59 Variation of corrosion potential with annealing temperature in sea water solution.
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Fig. 3.60 Variation of corrosion potential with annealing temperature in sea water solution.
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Fig. 3.61 Cathodic polarization curves of Cu-30%Ni alloy with non heat treatment in sea water

solution.
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Fig. 3.62 Cathodic polarization curves of Cu-30%Ni alloy with annealing heat treatment at 200°C(1h).

- 140 -



-0.2

Cu-30% Ni
—=—700 C (Flow)

-0.4 - —e— 700 C (Nonflow)

-0.6
-0.8 -
-1.0

-1.2

Polarization Potention (V vs. SCE)

1.4 |

e b o el il

Current density (A/sz)

Fig. 3.63 Cathodic polarization curves of Cu-30%Ni alloy with annealing heat treatment at 700°C(1h).
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Fig. 3.64 Cathodic polarization curves of Cu-30%Ni alloy with annealing heat treatment at 800C(1h).
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Fig. 3.65 Cathodic polarization curves of Cu-30%Ni alloy with annealing heat treatment at 900C(1h).
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Fig. 3.66 Cathodic polarization curves of Cu—-30%Ni alloy with annealing heat treatment at 1000°C(1h).
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Fig. 3.67 Variation of cathodic polarization curves with annealing heat treatment in non flow condition

of sea water.
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Fig. 3.68 Variation of cathodic polarization curves with annealing heat treatment in flow condition of

sea water.
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Fig. 3.69 Anodic polarization curves at Cu—-30%Ni alloy with non heat treatment in sea water solution.
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Fig. 3.70 Anodic polarization curves of Cu-30%Ni alloy with annealing heat treatment at 200C(1h).
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Fig. 3.71 Anodic polarization curves of Cu-30%Ni alloy with annealing heat treatment at 700C(1h).
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Fig. 3.72 Anodic polarization curves of Cu-30%Ni alloy with annealing heat treatment at 800 C(1h).
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Fig. 3.73 Anodic polarization curves of Cu-30%Ni alloy with annealing heat treatment at 900C(1h).
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Fig. 3.74 Anodic polarization curves of Cu-30%Ni alloy with annealing heat treatment at 1000C(1h).
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Fig. 3.75 Variation of anodic polarization curves with annealing heat treatment in non flow condition

of sea water.
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Fig. 3.76 Variation of anodic polarization curves with annealing heat treatment in flow condition of

sea water.
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Fig. 3.77 Cathodic and anodic polarization curves with annealing heat treatment in flow condition at

sea water.
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Fig. 3.78 Cathodic and anodic polarization curves with annealing heat treatment in non flow condition

at sea water.
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Fig. 3.79 Variation of Cyclic voltammogram of Cu-30%Ni alloy with non geat treatment in non folw

condition at sea water.
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Fig. 3.80 Variation of Cyclic voltammogram of Cu-30%Ni alloy with non geat treatment in folw

condition at sea water.
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Fig. 3.81 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 200

(1h) in non flow condition at sea water solution.
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Fig. 3.82 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 200

(1h) in flow condition at sea water solution.
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Fig. 3.83 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 700

(1h) in non flow condition at sea water solution.
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Fig. 3.84 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 700

(1h) in flow condition at sea water solution.
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Fig. 3.85 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 800

(1h) in non flow condition at sea water solution.
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Fig. 3.86 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 800

(1h) in flow condition at sea water solution.
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Fig. 3.87 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 900

(1h) in non flow condition at sea water solution.
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Fig. 3.88 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 900

(1h) in flow condition at sea water solution.
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Fig. 3.89 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 1000°C

(1h) in non flow condition at sea water solution.
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Fig. 3.90 Variation of Cyclic voltammogram of Cu-30%Ni alloy with annealing heat treatment 1000°C

(1h) in flow condition at sea water solution.
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Fig. 3.91 Variation of cyclic voltammogram (1st cycle) of Cu-30%Ni alloy with annealing heat

treatment in non flow condition of sea water.
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Fig. 3.92 Variation of cyclic voltammogram (1st cycle) of Cu-30%Ni alloy with annealing heat

treatment in flow condition of sea water.
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Fig. 3.93 Variation of cyclic voltammogram (15th cycle) of Cu-30%Ni alloy with annealing heat

treatment in non flow condition of sea water.

- 173 -



1.4 Cu-30% Ni Curves (15th)

(Flow)
—=— Room temp. —e—200C
—4—700C —v—800C
900°C —<—1000C

1.2

1.0

0.8

0.6

0.4

0.2

Polarization Potention (V vs. SCE )

0.6 ] A ] A ] A ] ; ] A ] A
-0.04 -0.02 0.00 0.02 0.04 0.06 0.08

Current density (A/Cm?)

Fig. 3.94 Variation of cyclic voltammogram (15th cycle) of Cu-30%Ni alloy with annealing heat

treatment in flow condition of sea water.
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Fig. 3.95 Variation of cyclic voltammogram (30th cycle) of Cu-30%Ni alloy with annealing heat

treatment in flow condition of sea water.
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Fig. 3.96 Variation of bode plots for Cu-30%Ni alloy with non heat treatment in sea water.
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Fig. 3.97 Variation of bode plots for Cu-30%Ni alloy with annealing heat treatment at 200°C(1h).
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Fig. 3.98 Variation of bode plots for Cu-30%Ni alloy with annealing heat treatment at 700°C(1h).
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Fig. 3.99 Variation of bode plots for Cu-30%Ni alloy with annealing heat treatment at 800°C(1h).
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Fig. 3.100 Variation of bode plots for Cu-30%Ni alloy with annealing heat treatment at 900C (1h).
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Fig. 3.101 Variation of bode plots for Cu-30%Ni alloy with annealing heat treatment at 1000C(1h).
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Fig. 3.102 Variation of AC impedance with annealing heat treatment in non flow condition of sea

water.
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Fig. 3.103 Variation of AC impedance with annealing heat treatment in flow condition of sea water.
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100

100

Photo. 3.3 SEM photographs of corrode surface by anodic polarization curves of Cu-30%Ni alloy with
various annealing heat treatment.
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Table 3.4 The data of corrosion current density(A/cm?) by Tafel Fit

Method with annealing heat treatment

Cu-10%Ni Cu—-30%N1i Remark
Room Temp. 2.95x107° 5.98x107° Flow
200C 1.58x107° 4.05x107° Flow
700C 1.83x107° 4.23x107° Flow
800°C 6.55x107° 4.18x107° Flow
900C 5.16x107° 4.10x107° Flow
1000°C 2.79x107° 2.45x107° Flow
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Fig. 3.104 Relationship between corrosion current density and annealing temperatures.
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