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The Study on the Corrosion Behavior
of Heating Apparatus for Motor Vehicles

Ki-Sung, Lee

Department of Aotomotive Engineering, Graduate School
of industry

Pukyong National University

Abstract

Recently, Al-alloy has been increasing for the cooling system
and radiator of the ships and automobile materials. Especially,
automobile uses lots of heat exchangers because of cooling engine
and smooth running rotation, those are needed to be more
miniaturized and light. Also, the heat conductivity of aluminum is
excellent. It has been used in automobile’ air conditioner system
since 1960.

Heat exchanger materials for ships and automobile are using
more brass, stainless steel than Al-alloy. Therefore, galvanic cell

1s formed with Al-alloy and Cu for automobile radiator material,
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and corrosion of Al-alloy is accelerated.

Industrial development and income increase causes rapid
increase in using fossil energy like coal, petroleum and natural
gas, and 1t results iIn accelerating environmental pollution.
Specially, fresh water like stream and river water i1s acidified and
specific resistance is decreased. Therefore, corrosion damage 1is

accelerated in radiator for automobile under the acidified water.

In the study, so as to investigate the corrosion behavior of
Al-alloy, the electrochemical polarization test of Al-alloy with
changing specific resistance and galvanic corrosion test of Al-alloy

coupling with brass were carried out.

The main results obtained are 'as follows ;

1) As the specific resistance decreases, the slope of the linear

polarization behavior i1s on the decrease, and the polarization

resistance decreases.

2) As the specific resistance decreases, the open circuit potential

of Al-alloy i1s less noble, and the corrosion-resistance for

uniform corrosion is on the decrease.
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3) Only passive behavior appears in the heating water which is in
the high specific resistance of 140000 & - cm, by the contrast,
a pitting potential 1s getting fast in the specific resistance

under the 6200 Q - cm.

4) In the heating water which is in the high specific resistance
of 140000 & - cm, cyclic loop of Al-alloy has the negative
hysteresis loop at reverse scan anodic polarization curves, if
it 1s affected with  the pitting and crevice corrosion, the
passive film of Al=alloy destroyed at positive scan may be

repaired

5) As the specific resistance decreases from the heating water of
specific resistance of 6200 & - cm, cyclic loof of Al-alloy
shows the positive hysteresis at reverse scan anodic
polarization curve and corrosion current density of cyclic
increases. Therefore 1t may be sensitive for pitting and

crevice corrosion.

6) Because the average electrode potential of brass is higher than

that of Al-alloy, the brass operates with the cathode, at

Al-alloy operates with the anode. So, galvanic corrosion will occur.
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7) In the study, wunder the specific resistance of 500 Q - cm
mixed 302 anti—freeze solution, the uniform corrosion, pitting

and galvanic corrosion of Al-alloy 1s decreased.
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Nomenclature

Polarization resistance (KOhms)

: Test time (sec)
: Specific resistance (Q - m)
. Saturated calomel electrode

. Potential (mV/SCE)

Corrosion potential (mV/SCE)
Open circuit potential (mV/SCE)

Repassivation potential (mV/SCE)

: Equivalent of material (g)

Sensitivity of galvanic corrosion

. Current density (uA/cm®)

. Corrosion current density (uA/cm?)

: Average current density (uA/cm?)
: Corrosion rate (mmpy)

. Density of material (g/cm®)

. Tensile strength (kgf/mm?)

= viii =



E
T

et gl

(e}

=

Al (Al-alloy) 2] A}-&-©]

| N A

0.
H

=

Tl

H o ®ow &m it B w = oh
e MR R < 4 T s - & e
a0 Bra L R e = o]
= ® R2 T Ay W Moo T —
X = w5~ — z.ﬁo 7E — i — N
., = _Mo_l ) ._ﬂw‘_ m W‘_ = - oR it M_I =
~ S ok MW . w T T
O A L Ll o o
ﬂﬂﬂo@%ﬁ%ﬂo@_%ﬁaﬂ%a.
R =S i N N T -
o)/ RS Mo M m BT @ TR L
BE LIW_ Ll WY e AN Tro Tﬁy
S TR A T
SR Er - “EiHERE
F U R T OIS T N o T 4 2
P Lo T N | o
oo T T Ry 5 N oW
A = o o Ne N omw o
N M A X ZL B Mﬂ . % At P No o W
@%%ﬂﬁ%%%ﬂ@iﬁ@#
o e NIy - B T ow o ¥ ox
mL mp = - SR % &) / i OF wl
O ‘U| —_ & Vi A‘.rl oA ﬂ ﬂAI,._
NS s fp o Wy — oo
o B oo o Mm ™ ‘o T m
~ P = 4y opm &M T T AP
o U do N OF B o4 m oy B
fio O e = < G W g Njo
N B = W do p:.w TN TR z_w _%Td
E = 5 5 O % = T s
o . ¥ T o LR T T -
CRC S S B N = X T o R

<9

7]

[e)

T

THC)

ol
=

Z &9

=2 (50, S0s CO

=
[}

o]
o

Cl

N

o) 7] &
]

=

s

EE Y
b 85 | HCI

g she o7



5 7] &=

A3lo]

o] vhopA =

H] A]

‘04

oje} o] AbdstE A WA

2~
g

\=Nye]
o

831 HClL, Cl

ot

5+

ki3

4

il
)
~
o
E
B
Mo

Aol F1gahE % qeh

T
) .

gz AE-H

7E

H

A5 o

7

)

8-

2} A]

dol

3

17 glatel, @72 HA

)

A

)
=

Al
~

= (Al-alloy) 9] -

'%1—

)

—_
file)

<N

oj
oo

T
-

AL 5

=
=

Zsko 24 AlgHE A

—_
file)

B fAe) NxARE BE

719) HAg A =

H

A5 3Hg



N
p—
.
2L
of
B[
ofo
=
o
N

AN AFFE F5HA oo o] AHAA e AFE A4
S8l (heate) 2 A2 eta Qv SHZYE Lo BEF Fe @
felel A7t M S AAdEE FEs, old Aol e e
0 fYelE mEd F7% 2d 5 9l

S8 shsAe Adde waue] FHwo] gor, £§ el

o] E] (radiator) ¢} #2 & w37 = 3|E Fo](heater core)E X &

5

st 9



BLOWWER

WOTOR
POSITION 1 HEATER
DEFROSTER CORE FAN I
DOOR
= = . T
. EIETET |

OEFROSTER| PIvOT
OUTLET !

L
L Vet ey 2 OUTSIDE AR
e Ak POT HOUSING {__ COOLAR
OUTLET et
eosirian 2 TEMPERATURE € HOT AR
28 <1 BLEND AIF

Fig. 1 Air circulation of inside car

212 A-&28 7]

22 §AHES dt g0t A7 Uolq d4RE dre 98
Saetsl Hrk o] do) A ¥Rl £g& F7] Aol WA A

WA = e 2mA9E 98 Al 7hx EAQ A RE
S AbgslEdH, 98 A (Water jackets), B HZ(Water pump),

A ¥l (Thermostat), 2}t] el o] ¥ (Radiator), (Fan)%-°] U



INLET FROM EMGIME
RIDIATOR
PRESSURE

T B FCM

2

TR RIDIATOR

ted 1" cOoRE
e |

OUTLET TO
ENGINE

b {1 H
COOLANT a s B
TUBES \\\TJ_.J}L
TRANSMISSION Lo our
0L COOLER

OUTLET

TANK

Fig. 2 Down flow of tube-pin radiator construction



22 ¢FvEYT

g9 As

Jn

2.2.1 &7

1 Cuet vEo

s

=
) .

Si thro= @ol

Aqr

KM

H

< ol A

qr
gt

oo

Mo

%

= 272X

Nfo

O Tt et}

o)
AR

A

o] E (bauxite) ol A
Mg(1.74) t}<

O

4r
ylt
of

2 719

o]

ol

o
=
4
it

)

LY
o
olo

N
N

ol
Jh

-

oV

ek 7] oA 12l

Zo| A 7kFo] &ols

al

vl
=

65%

ok
ol

o] Arrrt T

AAZ QsiA

il

v

ol ]

of

Mo
-t

E]— (12,13)



)

A

[e)

o 32

=
-

&

o

-

—
T

71¢] 100 %

ow A4FugFe AREo] H

T

aol A dFulE ZhEATE 8ol AR AL =,
7]

=

-
510] (heat core)e]t}. A3003

E

1

°©

(radiator) ¢}

)"

ol
e

222 A& A5E AL H

4

s Av. 7hHa &

S

3ol &7} e

[}

ISR L

717 Abg L

1960 th -8 ojv] AF&2} oo ol A&

S

mw
I

7ol ZE A o] &HH fogL AL o7}

2§ dalgh

5



Frvlgol FF e A A%l WA FgHeh Y o

Al's 28 3UAA $422 S AEA A2 #),

Al — AlT? + 3e E° = —1.662

Al" + 2H,0 — AI*®* + H, + 20H

uepA dFHES obietho] A (anodizing) A 71WH &=oll A 9 whzt

AR FFAAE Fask wA e

w3l dFnFS JHAdEALEME series)ol A ties £ A
A5 M gtk 2AGE B¢ $4 e odR AbAd gl

oA WA Aol =t} 1 o]fx ZHo ¥ 543y W(passive oxide
film)o] AAH7] wFEoln. dFrEe FsHudo] A=
of A Laatae EAE F sty = sARF WEEA] A AL of
Yt} dFu)Fe =8 =49 (flade potential) 7} =
AARE 7HAA Ha web s Eerte] A A H A b sy
7] & o]t

uebA] GdFHEEY FAAEE FEA R o HEEHilsy v
(passivating oxide film layer)®] 34 % A&sd oA AAH LT o
Abstajete] FReE dRbdor EReith. 31 AlOs(alumina),
Al:O3 - HoO(bohmite), AlOs - 2H:O(bayerite), Al:Os - 3H.O(hydragilite
Tow TAEel AUk



Al
~

k9
.

A=

FlEgEuct v
o

)

(alclad) =+ F Y =(clad)2t

TE

=

A (active) ©] A]

=

e @

-

<= 7] = (alclad)

tob 28y

G

i

k9
.

s

Fig. 3&
o]
%

1
b i

.

O X~
ol
H

Mo

]t
Natural
oxide

layer

o}

]
A

3] &3

o)
Barrier layer

\
Aluminum 99.99%

[EGRIR=:

9]

Pores in the
oxide layer

1

10 nm
Fig. 3 Schematic of passive oxide film that forms on aluminum



23 79 1¥F

2.3.1 7+ (copper)9 ML

Cut Al HEo] BEE&HAR T 7 83 a5t

Cue A7l 2 99 Ax=rb wi¢ 3 st 94 2 dAdol
FobA 7haeol vk 2ol 3shE <l Aol AAM WA Adol FaL
Zn, Sn, Ni, Au, Ag & 5539 d=o] §olstt.

olz1dt A= Q&M Cut o 80%7F ©F3 FEHFHZ ALEF
H a2 gREES A71Fdell o] &H Yk FadlE AqY 7HA FFRIT A

At s R el ToSH TVIARE A5, 7H, 24, g9 T

232 A& A2 AIEHE FHFA

Cu-Zn &3¢ Cu 1 AART 228 gdo] $58 2u ofue

A4 g AFHE Ak gebd] ZAA FSREA Cu A

852 Znol &FFol| wel oe] 71| o] Fo] ot
=W e (muntz metal 60%Cu-40%7Zn)> Fn 7| &, A7z E

)

BE UE xe So] A&y Exuee 1%A %9 Sng H7tst

_10_



of gold Ao gigk fAdES S Aol deldr He}X(naval
brass)o] il =W e Fe, Mn, Ni, Al 55 1%A3 %4 H7}sto] 7
A o] 117+ %= 35 (high strength brass)e] o},

2~ (cartridge brass 70%Cu-30%Zn):= 718 3%
2 2 3% 5 3 A o wEoA de AMEEHA
th FtEY A Hepxdd 1%AH =9 Sng HUbste] @oldR2le dish
H 7

10] o} =w| 2] v & (admiralty metal)©] il A4

Lo

s

>\I

o] Fo} I o= TtEo B Sy dudty| Fo @wol

AFEEITE o] folx = HEkA(red brass 85%Cu-15%Zn)s ol

233 7E % =Y FAHSA

Cut W¥#e #84 974 Cu’eles gAstar »ae

=3
Cu—>Cu'?+ 2¢~ E°= +0.337V
2% RHolAde HAIAAE AL HYE  cuoCu Tie=2Cu T4
Hkgo] 9o w Pt weba] ARkA RAMHEL Cu'? ot}

e

1)

ules

ot

i

oo fr
O

Ao Al Cutob Cu AtelelAl CuCl™?7F A4 == 4

FolAAY Cute] FARPER ¥ A% Avh B 129 07

-11 -



7}

=

=

FaRt ¥ 99

T

-

ok,

°©

Cu,07} CuOXE T o <4

s
a-

ol A

]

Z\_]
71 A E AL (EMF series)oll A 2™ Cu

=]
-

<

|

g n

o

R

E

L

vo)

A
2 grol i 2 (dezinciification),

¥

+ Atk a8y Askakoxidizing acid) = E7] 5
O

of met &£&=7b
Y i

]

A
=

o}
o
g

=

=]
-

o
=

A4
%9

o

T

-

3} 2k (nonoxidizing acid) ol 4]

t}

)
A
e

=r
o)
Ho
0
0|
I

il
5

gy

ox

E
B

ol
=5
_ﬂo_.,o
0|
o

10

o)
o

ZRuglte: e

e
=

N

A
ali

= 5

o

T

il

Ho

[0

7}HA]

=

=

A9

[e)

‘:I.'"

3 d

o

- 12 -

2H ,0+2¢ —H,+ 2(0H) ~



a7

A7t EA)

] S

0

il

8-

o g

2} A]

2!

=
) .

27}

oF 2t

i 2™ 90%0°]de] Cuolw o

A1 3

il

TR
o
N
e

!

X
-

8-

o

ol
G

=0

19
ol ik,

Gt

=0

be

fite)

oo

spo] A}

AA=Z A7}

ar
0

il

]

Al =] AL
1 ¢] (active

-

°©

OX

=

3} A]

tod 7173 ¢l (noble

°©

%

4 v I s e 2 B

=
=

(=5
=

49
of

&%
AR o] Fol edojuter, 1

Apo] o
717

=

=

=

o] ¢} o] F o]FFZE Alole] 7MY x}o](reversible potential

webA ol

24.1 o|FF&F
potential)

potentia) & 7}

A

o] %

T
-

difference)

_13_



b
D
2\ uma W N
— B o N R
ox ‘.: ] . OWO . HA_.O ;OH_ ‘ﬂul Ll
= ny T i) — X AN
Mo T T w X KT o
T X o~ o . o 3 T %_ , o N
I Z r I- 00 T
o N X o= n o)
0 —
g ) % a " NOE ol T L ol o
= 5 N o 2 T o 2 " Rr <A o
§@ﬂﬂ1ﬂq1@ hoE g ) o
o oA g B el mAﬂ B i R o R w0 zo O B
- MO S %X G o R 2 o 7 <
T & o U S T 0y e i T i - ©
o A 2% T [ e e b o SN
T T mu w2 = N T T™JIF T = 4r uuL o i
U o RO I o [ s A g P 1)
= oM il Ly gy 5 N
ey T K- e 0| o S — o — o
T o P g N a- il et Ao T o X
) > r ) Y ar L) T
) :.L = o) & G Iz ins (S T = L E.f — %
il 1 & n S o N o G o X N
mﬁumg%&m s T il o T R
ﬂ@%g%myw i =i frg
—_ ) -~
o >~ £\ e o (=) N
o %:u X0 <N T K oy orat T B ol 0| U]L m o) ) ~) o
4 ® T T s R3] i . )
: T T g 5w TR o & - +
‘UI o/ fist — = A,:n r HT S LS 5 | [ 0 K e
T R N o o o v
e x]ﬁ NI < By Ma Ly P W_Al o™ % 5 o oy o &
- X % = 2 e N S O\& — T OW o
0 ﬂAl,._ o o - s ,ul l ~ WE _/E ‘Hol ‘.: ] N _ Z.O H;l
NH b g X N o AN T ar
i = s T n ;o T alo N T NOXx o
e = i = = N w B o Ok m 5T e =
) f i I~ N % ﬁ'E X W ™ ,.ﬂ,h (LG ﬂ,Dl — Z,C 1M,_.o o- ﬂE
T T % g T T 3 g o
B T o) o F qr oo H o 5 B
H@JU,éggg%uwgﬂgli
oo O < M o =
PRI Wt oo = A
< ko B R ® - a
ER:Y = =
I} A
o ﬂ

- 14 -

]—q_(ZO)

°©



A4 <E

Al o
2

-
_&_u

qr
Mn
N

&

[¢]

2.4.2 ]

=
&

|

g ool

]

A
a

=]
-

B =

A}

o %

o
=

Mo A2 g2 F59] (couple)

L
-T-

dr

o

)

7EA AL Sl

Table 18] ZufY A=

ZapgA e o5

Me

o

)

B

dr
it

gy

A

3R
file)

pelld

]_

Az

<
RN

4r

=t

ol

)

B

dr

o) A]

;OH
e

o
Aqr

2

dr
=t

b

o

u

~L

2

SEERE

2

}]

Foojtelth 128

& A3

E
S

o

o

j2s
0|
NI
B
e
-

il
;OH
e

)

_15_



Table 1 Galvanic series in seawater
Cathodic (noble)

platinum
gold
graphite
silver
zirconium
AISI Type 316, 317 stainless steel (passive)
AISI Type 304 stainless steel (passive)
AISI Type 430 stainless steel (passive)
Nickle (passive)
copper—nickel (70-30)
bronzes
copper
brasses
nickel (active)
naval brass
tin
lead
AISI Type 316, 317 stainless steel (active)
AISI Type 304 stainless steel (active)
cast iron
steel or iron
aluminum alloy 2024
cadmium
aluminum alloy 1100
zinc
magnesium and magnesium alloys

y

Anodic (active)

Galvanic

—<o-

Active Moble

Fig. 4 Schematic summary of galvanic corrosion
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Table 2 Chemical compositions and mechanical properties

of specimen, Al-alloy(A3003)

Chemical composition(Wt%s) Mechanical properties

. Hardness T.S
Si | Fe | Cu | Mn | Zn | Al (HB) (MPa)
06 | 071012 1.2 | 0.1 | bal 28 110

* T.S : Tensile Strength
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Table 3 Chemical compositions and mechanical properties

of specimen, brass(C3603)

Chemical composition(Wt%) Mechanical properties
Hardness T.S

Cu Pb Fe | SntFe| Zn (HB) (MPa)
59.7 1.8 0.35 0.1 bal 100 365

* T.S : Tensile Strength
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Table. 4 Chemical compositions of Anti—freeze solution.

Chemistry—name |Molecular—formula Content
Ethylene Glycol HOCH,CH,OH 91.7%
Water H,0 35%
Carboxyllc Acid salt CnHmMCOONa 2% over
Sodium Phosphate Na PO, 1% over
Pottasium Hydroxide KOH proper quantity
benzotriszol N extremely small quantities
MB.T C.-H,NS§ proper quantity
Sodium Molybdate Na,MoO, 2H,0 extremely small quantities
Sodium Nitrate NaNO, proper quantity
Dye = ™. N -§ 3 extremely small quantities
Total |}  —— 100%
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Table 5 Experimental conditions of the polarization test

EG & G Model 273A

Instrument
Distilled water and Tap water
Electrolyte |specific resistance(Q - cm)| 500, 1000, 6200, 140000
Anti—freeze solution ratio 30%
Material Al-alloy and Brass

Surface area

of specimen

1.0 cm?

Linear Polarization Test

Tafel Polarization Test

Polarization ; ) U
Potentiodynamic Polarization Test
test Cyclic Polarization Test
Galvanic corrosion Test
Temperature Po.£ la C
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EW = Equivalent of material (g)

d = Density of material (g/cm’)e]t}.
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