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There are a variety of heat exchangers used in automobiles, such as shell and tube heat exchangers, double

tube heat exchangers, and plate heat exchangers. Most of them are water-cooled to prevent engine over-

heating. There have been reports of corrosion damage to these heat exchangers due to continuous wetting

caused by external temperature differences, road pollutants, and snow removal. In addition, galvanic cor-

rosion, which occurs when two dissimilar materials come into contact, has been identified as a major

cause. In this study, corrosion characteristics and galvanic corrosion behavior of Al alloy (AA3003,

AA4045 and AA7072) used in automobile heat exchangers were analyzed. Effective clad materials for heat

exchanger tubes and fins were also evaluated. It was found that AA7072 should be applied as the cladding

material for fin AA3003 and that AA4045 was suitable as a cladding material for tube AA3003 because

this clad materials application was the most effective clad design to delay the occurrence of pinhole in the

tube. Main factors influencing galvanic corrosion dissolution were found to be galvanic corrosion poten-

tial difference and galvanic corrosion current density.
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1. Introduction

A heat exchanger is a device designed to exchange heat

between fluids. Heat exchangers are commonly found in

various applications, including air conditioners, radiators,

refrigerators, and more. These heat exchangers are applied

in various ways and are also used in automotive and

industrial applications, especially in recent years to

improve the performance and miniaturize the size of heat

exchangers to reduce energy consumption and air

pollution [1,2]. The use of lightweight materials can

reduce weight and improve fuel efficiency [2,3]. The

replacement of copper heat exchangers with heat

exchangers made of aluminum for weight reduction has

been made due to its high strength-to-weight ratio, good

formability, excellent corrosion resistance, and

recyclability [2-5].

Generally, the temperature of combustion gases inside

an automobile engine can reach approximately 2,000 to

2,500 oC, and a significant amount of this heat is

transferred, affecting engine performance, and must be

removed through a heat exchanger [6-8]. There are

various types of heat exchangers such as shell and tube,

double tube heat exchangers, and plate heat exchangers

[9]. To prevent engine overheating, most of these heat

exchangers are water-cooled, using a mixture of tap water

or antifreeze (ethylene glycol) and water to prevent

freezing in winter [4,6,10]. Ethylene glycol contains

oxides of glycol, which can accelerate corrosion of

metallic materials used in the cooling system, especially

aluminum parts, so corrosion inhibitors are added

separately [10,11]. While the coolant circulating internally

serves the purpose of lowering the temperature of the heat

exchanger, but it is also accompanied by various

problems, so various studies are being conducted to

improve performance and stability [12-14].

It can be divided into internal and external factors:

include the introduction of corrosive substances such as
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sulfur and chlorine, which are detrimental to aluminum,

as well as mechanical corrosion due to cavitation caused

by fluid flow and velocity, leading to tube damage. It is

known that the presence of chlorine (Cl) has a significant

impact on the corrosion of aluminum alloys [10,15-18].

The use of distilled water is recommended because even

common tap water contains corrosive chloride and

precipitable calcium and magnesium, which are potential

sources of corrosion [10].

As external factors, there have been reports of corrosion

cases of continued wet conditions due to the difference

in temperature between the heat exchanger and the

outside, severe road pollution, or snow removal agents.

In addition, galvanic corrosion, which occurs when two

dissimilar metals come into contact, has been cited as a

significant cause of damage [4,5,10]. To minimize the

damage caused by galvanic corrosion, aluminum alloy

brazing is used [19-23]. In general, 3000 series of Al-Mn

alloy is widely used as a heat exchanger material because

it has enhanced the formability and corrosion resistance

of aluminum and improved the strength by adding a small

amount of Mn [19,20]. The radiator core acts as a

sacrificial anode, causing localized galvanic reactions,

which can lead to pitting corrosion and pin-hole formation

[8,10]. Since heat exchangers are frequently exposed to

harsh conditions and are expensive to maintain, corrosion

prevention is very important. Corrosion can occur in all

possible forms (electrochemical, physical, localized, etc.)

[23]. However, it is also necessary to consider these

possible corrosions and predict the lifetime of the product

under different conditions.

Therefore, in this study, we evaluated the corrosion

properties of three alloys, AA3003 (3000 series), AA4045

(A4000 series), and AA7072 (A7000 series), which are

commonly used as heat exchanger materials for

automobiles and analyzed the electrochemical galvanic

corrosion behavior for each galvanic pair. In addition, the

applied fins are designed to increase heat exchange

efficiency and to corrode before the tubes, thereby

delaying corrosion of the connection between the tubes

and fins. The connection was usually brazed using a

cladded material with a relatively low melting point. To

design the most effective cladding, the galvanic corrosion

behavior of the applied alloys was discussed.

2. Experimental Methods

2.1 Specimen

The specimens used for the polarization and galvanic

corrosion tests were three type of aluminum alloy

(AA3003, AA4045, AA7072). Fig. 1 shows a schematic

cross-section of these alloys and Table 1 shows the

Fig. 1. (a) Micro channel heat exchanger and (b) schematic diagram of cross-section and galvanic corrosion area

Table 1. Chemical composition of aluminum alloys (wt%) and their melting points

Alloys Si Fe Cu Mn Zn Ti Al M.P. (oC)

AA3003 0.76 0.50 0.83 1.32 0.03 0.09 Bal. 654

AA4045 9.68 0.14 - - 0.01 - Bal. 590

AA7072 0.55 0.55 - 0.06 1.10 0.01 Bal. 640 to 657
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composition and melting points for the aluminum alloys.

As shown in Fig. 1, galvanic corrosion due to external

factors occurs where the fins are connected to the tubes

for efficient heat exchange.

2.2 Polarization test

The specimens used in this test were AA3003, AA4045

and AA7072 alloy. Each specimen was appropriately cut

and connected to a Plate Cell in a way that exposed an

area of 1 cm². In the polarization test, a Potentiostat

(Gamry DC 105, Gamry Instruments, Warminster, PA,

USA) was used, with a saturated calomel electrode (SCE)

as the reference electrode and a platinum electrode (Pt)

as the counter electrode. The test solution was degassed

using N
2
 gas at a flow rate of 200 ml/min for 30 minutes.

After installing the specimens, conditioning and initial

delay were performed for 10 minutes to equalize the

surface condition. The polarization was then performed

at a scan rate of 0.33 mV/sec. The experimental solution

used was a 1% NaCl solution at 20 oC. 

2.3 Electrochemical galvanic corrosion test

The specimens used AA3003, AA4045 and AA7072

alloy and these specimens were combined to form three

galvanic couples. Each specimen was cut to appropriate

size and then connected to the Plate Cell so that only a

1 cm2 area was exposed. The combination of specimens

is as follows: in AA3003 and AA4045, AA3003 acts as

the cathode, so AA4045 is used as the anode; in AA3003

and AA7072, AA3003 acts as the cathode, so AA7072

is used as the anode; in AA4045 and AA7072, AA4045

acts as the cathode, so AA7072 is used as the anode. The

electrochemical galvanic corrosion test was performed

using a Potentiostat and the reference electrode was a

SCE. The test solution was evaluated using a 1% NaCl

solution at 20 oC and degassed using N
2
 gas at a rate of

200 mL/min for 30 minutes.

3. Results and Discussion

The alloys used in this study were AA3003, AA4045,

and AA7072. A3000 series alloys are Al-Mn alloys that

can maintain corrosion resistance by solid solution

hardening of manganese and are used in automotive micro

channel heat exchangers due to their excellent machinability.

A4000 series alloys are Al-Si alloys, which have a lower

melting point than A3000 series alloys due to the addition

of Si and are used for casting and are used where excellent

wear and heat resistance is required. The A7000 series

alloy, an Al-Zn-Mg alloy, inherently possesses good

corrosion resistance. Among these alloys used in this

study, the A7000 series alloy had the lowest potential,

serving as a sacrificial anode to prevent corrosion of the

base material when used as cladding in heat exchangers.

Fig. 1 shows a cross-section of a finned heat exchanger

designed to facilitate effective heat exchange in the fluid

flowing inside the tubes. Both the tube and the fins are

made of the same material. If the surface of the heat

exchanger continues to be wet due to external factors and

a corrosive environment is created, a pin-hole phenomenon

may occur due to pitting corrosion. In order to delay the

occurrence of such pin-holes, the anode material is

cladded on the surface of the tube to artificially form a

galvanic couple, so that corrosion would preferentially

proceed on the surface rather than inside the tube. In

addition, the applied fins were designed to increase heat

exchange efficiency and to corrode before the tubes,

thereby delaying corrosion of the connection between the

tubes and fins were brazed using a cladded material with

a relatively low melting point. To design the most effective

cladding, the galvanic corrosion behavior of the applied

alloys was evaluated.

The tube and fin materials of the heat exchanger are

AA3003, and the alloys used as cladding to delay pinhole

formation are AA4045 and AA7072. To evaluate the

galvanic corrosion properties of these three aluminum

alloys, polarization tests were performed initially. And

then the working (anode) electrode and counter electrode

were distinguished. The electrochemical polarization test

was performed deaerated 1% NaCl solution at 20 oC.

Fig. 2a shows the polarization behavior of AA4045 and

AA3003. As shown in the figure, the corrosion potential

of the base material AA3003 was higher than that of

AA4045. When the two alloys are exposed to the

mentioned environment, galvanic corrosion is expected

to occur, AA3003 is expected to act as the cathode, and

AA4045 as the anode. Therefore, a galvanic cell with

AA4045 as the working electrode and AA3003 as the

counter electrode was performed to evaluate the galvanic

corrosion current density and galvanic corrosion potential,
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which are shown in Figs. 2b and 2c. As expected, the

galvanic current density is positive, indicating that

AA4045 is more active than AA3003. It was confirmed

that the formed galvanic corrosion potential matched

relatively well with the position where the anodic

polarization behavior of AA4045 and the cathodic

polarization behavior of AA3003 intersect in the mixed

potential theory.

Fig. 3a shows the polarization behavior of AA7072 and

AA3003. The polarization behavior of the two alloys

shows that the corrosion potential of AA3003 is noble

than that of AA7072. If the two alloys are connected as

a galvanic couple and exposed to the above environment,

AA3003 acts as a cathode and AA7072 acts as an anode,

and galvanic corrosion is expected to occur. AA7072 is

connected to the working electrode and AA3003 is

Fig. 2. (a) Polarization curves of AA4045 and AA3003, (b)
galvanic current density of AA4045 (working electrode) and
AA3003 (counter electrode), (c) its galvanic potential (test
solution: deaerated 1% NaCl at 20 oC)

Fig. 3. (a) Polarization curves of AA7072 and AA3003, (b)
galvanic current density of AA7072 (working electrode) and
AA3003 (counter electrode), (c) its galvanic potential (test
solution: deaerated 1% NaCl at 20 oC)
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connected to the counter electrode to form a galvanic cell,

and the galvanic current density and galvanic corrosion

potential were evaluated in the same environment as the

environment in which the polarization behavior was

evaluated, and these are shown in Fig.s 3b and 3c. As

expected, the galvanic current density is positive, and the

positive current density increases with time. AA7072 is

more active than AA3003. The observed galvanic

corrosion potential was slightly higher than the

intersection of the anodic polarization behavior of

AA7072 and the cathodic polarization behavior of

AA3003.

To evaluate the galvanic corrosion behavior between

AA4045 and AA7072 used as clad material, a polarization

test was performed in the same environment for both

alloys, and the polarization behavior results are shown in

Fig. 4a. The corrosion potential of AA4045 was higher

than that of AA7072 in the clad material. It is expected

that the two alloys are connected as a galvanic couple

when galvanic corrosion proceeds, AA7072 is expected

to act as an anode and corrosion will proceed. This

galvanic corrosion behavior is shown in Fig.s 4b and 4c.

The galvanic current density in Fig. 4b shows a positive

value. And as shown in Fig. 4c, the galvanic corrosion

potentials formed in both alloys were slightly higher than

the potential where AA7072’s anodic polarization

behavior intersected with AA4045’s cathodic polarization

behavior.

The polarization behavior of the three alloys shows that

when the three alloys are exposed to a corrosive

environment at the same time, the corrosion potential

decreases in the order of AA3003, AA4045, and AA7072.

Which means that the possibility of acting as a cathode

in the formation of a galvanic cell is also likely to follow

the above order. Therefore, clad applied to delay the

occurrence of pin-holes in the tube (AA3003) will be

effective in terms of galvanic corrosion for both AA4045

and AA7072. Additionally, according to the galvanic

corrosion test results in Fig.s 2 to 4, the galvanic corrosion

current density was in the order of size: AA7072-AA3003

> AA4045-AA3003 > AA7072-AA4045. As shown in

Fig. 1, when the materials clad in the tube and fin are

different, AA4045 and AA7072, respectively, the

combination of alloys exposed to the initial corrosive

environment and connected as a galvanic couple is

AA4045 and AA7072. Although the potential difference

between the two alloys is not large, AA7072 is evaluated

as the anode. Therefore, if the above two materials are to

be clad on the tubes and fins, it is preferable to clad

AA7072 on the fins and AA4045 on the tubes, which

Fig. 4. (a) Polarization curves of AA4045 and AA7072, (b)
galvanic current density of AA7072 (working electrode) and
AA4045 (counter electrode), (c) its galvanic potential (test
solution: deaerated 1% NaCl at 20 oC)
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should be subjected to corrosion first.

This galvanic corrosion evaluation is based on the

polarization behavior of materials, assessing the

possibility of their acting as either anodes or cathodes in

galvanic pairs. Therefore, the influence of electrochemical

factors on galvanic corrosion for these galvanic pairs was

investigated.

Fig. 5 is a graph showing the relationship between

electrochemical factors (from the polarization curves and

the galvanic corrosion behavior) and electric charge

during galvanic corrosion test. Fig. 5a compares the

corrosion potential difference between the alloys in

polarization behavior with amount of electric charge

during the test. It shows that as the corrosion potential

difference increases as the corrosion potential difference

increases. Fig. 5b shows the effect of galvanic current

density on the electric charge during the galvanic

corrosion test, which tends to increase exponentially as

the galvanic current density increases. The correlation

between the three couple of galvanic potential and charge

amount is shown in Fig. 5c. The relationship between the

galvanic potentials and the electric charge amount is low

as the galvanic potential increases and decreases. And this

trend is also shown in Fig. 5d. Fig. 5d shows the

relationship between the galvanic potential by the mixed

potential theory and electric charge amount, and the effect

of the galvanic potential on the amount of electric charge

and dissolution according to the mixed potential theory

was evaluated as having a low correlation, like the

galvanic potential. Therefore, when each alloy is exposed

to a corrosive environment and a galvanic corrosion is

occurred, the difference between the corrosion potentials

of the alloys in the galvanic couple combination and the

galvanic current density are judged to affect the galvanic

corrosion behavior.

4. Conclusions

There are various methods to reduce the external

corrosion of heat exchangers. Among them, this study

Fig. 5. Relationship between electrochemical factors (from the polarization curves and the galvanic corrosion behavior) and
electric charge during galvanic corrosion test; (a) corrosion potential difference, (b) galvanic current density, (c) galvanic
corrosion potential, (d) galvanic corrosion potential by the mixed potential theory
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investigated the galvanic corrosion of aluminum alloys

used in the tubes and fins of heat exchangers, which can

cause external damage. The following conclusions were

drawn:

1. From the perspective of protecting the tube AA3003,

both AA4045 and AA7072 exhibited excellent sacrificial

galvanic effects when used as cladding materials. When

the material of the tube and the fin are the same AA3003,

AA7072 which is relatively active than AA4045 should

be applied as the cladding material for the fins, because

the fin corrodes preferentially and protects the tube. In

the case of AA7072 cladded fin, AA4045 is suitable as

the cladding material for the tube, because this among

three alloys is the most effective clad design to delay the

occurrence of pinhole in the tube.

2. Based on the galvanic corrosion between three

aluminum alloys for heat exchangers, the main factors

influencing galvanic corrosion dissolution were

determined to be galvanic corrosion potential difference

and galvanic corrosion current density. These findings

provide insights into mitigating the effects of galvanic

corrosion on aluminum heat exchangers, which can help

in improving their durability and performance.
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