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Abstract

6061 aluminum alloy is lightweight and has good thermal conductivity, while 304 stainless steel
possesses excellent mechanical properties and corrosion resistance; both have broad application
prospects in cooling circuits. Propylene glycol coolant shows great potential in liquid cooling systems
due to its low toxicity and good antifreeze properties. However, during operation, galvanic corrosion
may occur when the two metals come into direct contact within the coolant, thereby threatening
system safety and service life. This study focuses on 6061 aluminum alloy, 304 stainless steel, and
their galvanic couples. Using electrochemical testing, SEM, 3D confocal microscopy, and XPS to
systematically investigate their self-corrosion and galvanic corrosion behavior in propylene glycol
coolant at pH values of 4.8, 6.8, and 8.8. The results indicate that 6061 aluminum alloy is more
sensitive to pH changes; its corrosion resistance first increases and then decreases as pH rises, with
the least corrosion occurring at pH = 6.8 and the most severe at pH = 4.8. 304 stainless steel exhibited
lower corrosion rates at pH 6.8 and 8.8, but corrosion significantly worsened at pH 4.8. For the 6061
aluminum alloy/304 stainless steel couple, the galvanic current first decreased and then increased
with rising pH, while the galvanic potential first increased and then decreased. The 6061 aluminum
alloy consistently acted as the anode, and the 304 stainless steel consistently acted as the cathode,
with the highest sensitivity to galvanic corrosion observed at pH 4.8. XPS analysis shows that under
different pH conditions, the corrosion products of 6061 aluminum alloy are AI[(OH)s and Al2Os, while
the main components of the passivation film on 304 stainless steel remain unchanged.

Keywords: propylene glycol coolant; aluminum alloy; stainless steel; galvanic corrosion; pH value

1. Introduction

With the continuous advancement of liquid cooling technology in the automotive, aerospace,
new energy, and data center sectors, coolants are playing an increasingly critical role in ensuring
system safety and efficient heat transfer. To meet the demands of high power density and high
reliability, coolants must possess excellent heat transfer properties, freeze resistance, thermal
stability, material compatibility, and long-term operational stability [1-3]. In actual liquid cooling
systems, components such as cold plates, piping, fittings, valve bodies, manifolds, and heat
exchangers are often composed of different metallic materials. Among these, aluminum alloys are
lightweight and have excellent thermal conductivity, making them commonly used for cold plates,
heat dissipation structures, and heat exchange components; stainless steel, with its high mechanical
strength and corrosion resistance, is frequently used for piping, fittings, valve bodies, and connecting
structures [4]. Aluminum alloys and stainless steel are frequently used in combination within cooling
circuits; however, direct contact between the two may trigger galvanic corrosion [5]. Consequently,
aluminum alloys and stainless steel are often paired in cooling systems based on the specific functions
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of different components, and their material compatibility significantly influences the stable operation
of the cooling system.

Currently, the mainstream coolants in engineering applications are ethylene glycol/water and
propylene glycol/water systems, both of which can adjust freezing and boiling points to meet the
requirements of operation across a wide temperature range [6]. Ethylene glycol-based coolants have
low viscosity and high heat transfer efficiency, but they are prone to oxidation at high temperatures,
producing acidic byproducts such as glycolic acid and oxalic acid, which cause a drop in pH. This
can damage the passivation films on the surfaces of aluminum alloys and stainless steel, inducing
failure modes such as pitting corrosion and crevice corrosion [7]. Although pure ethylene glycol can
inhibit the anodic dissolution of aluminum alloys and form protective aluminum-alcohol products,
its oxidation products still significantly exacerbate corrosion under long-term high-temperature
service conditions [8-10]. For stainless steel, the acidic medium generated by the oxidation of
ethylene glycol weakens the density of the passivation film, increasing the risk of pitting corrosion
[11-13]. In contrast, propylene glycol-based coolants are less toxic and offer better environmental
compatibility and operational safety [14,15], demonstrating greater application potential in scenarios
such as data center cold plates [16,17] and new energy vehicle cooling systems [18]. Studies indicate
that propylene glycol has a corrosion-inhibiting effect on aluminum alloys; the mechanism involves
alcohol molecules adsorbing onto the metal surface to form an aluminum-alcohol passivation film,
thereby slowing corrosion of the aluminum alloy [19,20]. However, aluminum alloys remain highly
sensitive to temperature, Cl, and pH in propylene glycol environments, making them prone to pitting
and localized accelerated corrosion [21]. Stainless steel is generally more stable in similar
environments, but when aluminum comes into direct contact with stainless steel and is used in
conjunction with conductive organic coolants, there is a risk of galvanic corrosion [22,23].

During long-term operation of liquid-cooling systems, the oxidation and degradation of the
cooling medium or the dissolution of ambient gases can cause changes in the pH of the coolant, which
in turn affects the stability of the passivation or oxidation layers on metal surfaces and alters the
corrosion susceptibility of the materials [24]. Generally speaking, under acidic conditions, surface
films are prone to dissolution, leading to accelerated corrosion; under near-neutral conditions, the
films are relatively stable; and under alkaline conditions, OH- ions may cause localized damage to
the films, resulting in a renewed increase in corrosion susceptibility [25,26]. A study on the corrosion
behavior of 7A09 aluminum alloy in propylene glycol coolant under different pH conditions found
that at pH =4, the surface oxide film of the aluminum alloy underwent acid dissolution, resulting in
the most severe corrosion; under near-neutral conditions, propylene glycol interacted synergistically
with the oxide film to form a stable protective film, significantly reducing the corrosion rate; at pH =
9, OH: caused localized dissolution of the passivation film, leading to a renewed increase in corrosion
severity [27]. Research has shown that in ethylene glycol-water solutions, higher pH values enhance
the corrosive effect of glycolic acid on AA6061 aluminum alloy. The mechanism involves the
formation of complexes between glycolic acid and aluminum ions, which promotes the dissolution
of the aluminum matrix [28]. In actual liquid cooling systems, when aluminum alloys come into direct
contact with dissimilar metals such as stainless steel, an electrochemical couple is formed in the
electrolyte environment of the coolant due to the potential difference between the two, leading to
accelerated corrosion of the more active metal (aluminum alloy) [29-32]. A study on the effect of pH
on the galvanic corrosion behavior of a three-metal couple consisting of 2024 aluminum alloy, Q235
carbon steel, and 304 stainless steel showed that pH significantly alters the anodic dissolution
behavior of the aluminum alloy in the galvanic system [33]. In mixed-metal cooling systems, cations
generated by the corrosion of copper or iron alloys deposit on the surface of less active alloys (such
as aluminum), forming localized cathodes and significantly increasing the risk of localized corrosion
[34].

Therefore, this paper focuses on 6061 aluminum alloy and 304 stainless steel —materials
commonly used in liquid cooling systems for data centers. While aluminum alloys offer excellent
thermal conductivity, they are relatively sensitive to acidic and alkaline environments. During actual

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202606.0260.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2026 d0i:10.20944/preprints202606.0260.v1

3 of 19

service, when paired with stainless steel —which possesses a chromium-rich passivation film and
excellent corrosion resistance—galvanic corrosion is likely to occur. Using a 25% propylene glycol
coolant, this study investigates the corrosion behavior of 6061 aluminum alloy, 304 stainless steel,
and their galvanic couples under different pH conditions, providing a theoretical basis for optimizing
the pH range of coolants and enhancing corrosion protection in liquid cooling systems.

2. Materials and Methods

2.1. Experimental Materials and Coolant

The chemical composition (wt/%) of the 6061 aluminum alloy (T6 condition) used in this study
is as follows: 1.08 Mg, 0.68 Si, 0.51 Fe, 0.31 Cu, 0.16 Mn, 0.02 Zn, 0.29 Cr; The chemical composition
(wt/%) of 304 stainless steel is: 18.25% Cr, 8.18% Ni, 0.06% C, 1.04% Mn, 0.56% Si, 0.02% S, 0.03% P,
and 0.07% Cu. The specimens were machined using wire cutting into two sizes: 10x10x2 mm and
50x25x2 mm, for use in electrochemical testing and corrosion immersion testing, respectively. For the
corrosion immersion specimens, a small hole with a diameter of 3 mm was drilled 5 mm from the top
of the specimen to facilitate suspension. After machining, the specimens were sanded to a polished
finish, rinsed with deionized water, immersed in anhydrous ethanol for 5 minutes, wiped clean with
lint-free cotton, and wrapped in non-woven fabric after drying for later use.

The base coolant used in the experiments consists of 75% deionized water and 25% propylene
glycol (analytical grade, >99.5%) by volume. The pH of the acidic coolant is adjusted using
hydrochloric acid, while the pH of the alkaline coolant is adjusted using sodium hydroxide.

2.2. Coolant Corrosion Test Method

Refer to the standard GB 29743.2-2025 regarding the total area of metal specimens and the
required volume of cooling fluid; specifically, 7 metal specimens measuring 50 x 25 mm require 750
mL of cooling fluid. In accordance with the aforementioned standard, add the corresponding volume
of coolant to the beaker based on the number of metal specimens inside. When studying the self-
corrosion behavior of metals in coolant, suspend the specimens in a 1000 mL beaker with the liquid
level 20 mm below the top of the container; when studying galvanic corrosion of metals in coolant,
maintain a spacing of 25 mm between the galvanic couple and the specimen diameters, and use wires
to encapsulate the metal specimens to establish electrical contact. Additionally, to simulate the actual
operating temperature of the coolant in data center liquid cooling systems, a constant-temperature
chamber was used during the experiment to maintain a temperature of 80 °C.

2.3. Corrosion Testing and Analysis Methods

2.3.1. Corrosion-induced weight loss

Since stainless steel exhibits good corrosion resistance in coolant, this study focuses on the
removal of corrosion products from aluminum alloys and the analysis of corrosion weight loss. In
accordance with GB/T 16545-2015, pure nitric acid was used to remove corrosion products from the
specimen surfaces, which were then weighed (to the nearest 0.01 mg). The corrosion rate (g/m?) was
calculated based on the weight loss.

2.3.2. Characterization of Corrosion Products

A FEI Quanta 250 scanning electron microscope (SEM) was used to observe the microscopic
corrosion morphology on the sample surface; a KEYENCE VK200 confocal microscope was used to
examine the morphology of pitting corrosion pits on the samples after rust removal; A Thermo Fisher
Sigma Probe X-ray photoelectron spectrometer (XPS) was used to analyze the chemical states of
elements in the surface products of the samples. The test voltage was set to 15 kV, and measurements
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were performed using monochromatic Al Ka X-rays with a step size of 0.05 eV. The data were then
analyzed using Advantage software.

2.3.3. Electrochemical Testing

AC impedance and polarization curve tests were performed using a CS 350H electrochemical
workstation with a three-electrode system: working electrodes—6061 aluminum alloy (1 cm?) and
304 stainless steel (1 cm?); reference electrode—saturated calomel electrode (SCE); and counter
electrode—platinum foil (1 x 1 cm). The open-circuit potential (OCP) was stabilized for 30 minutes.
AC impedance spectroscopy was performed at frequencies ranging from 100 kHz to 10 mHz.
Polarization scans were conducted at +500 mV vs. OCP (6061 aluminum alloy) and -500 mV to 2000
mV vs. OCP (304 stainless steel), with a scan rate of 0.5 mV/s. The test solutions used for
electrochemical testing were propylene glycol coolants under various environmental conditions.

2.3.4. Galvanic Corrosion Testing and Analysis

A CST 508 multi-channel galvanic corrosion tester was used to measure the galvanic current and
potential between 6061 aluminum alloy and 304 stainless steel. The active area of each specimen was
1 cm?, and the distance between the 6061 aluminum alloy and the 304 stainless steel was 25 mm. The
6061 aluminum alloy was connected to WE1, the 304 stainless steel to WE2, and SCE to RE. The total
test duration was 20 hours, comprising 4 hours of high-frequency testing, 8 hours of medium-
frequency testing, and 8 hours of low-frequency testing.

The average galvanic current is calculated using the integration method based on the galvanic
current-time curve, and the average galvanic current density is then determined based on the actual
area of the anode in the galvanic cell. The calculation formula is as follows:

t
i JO I, (t)dt O
& Sxt
In the equation, I4(t) represents the galvanic current at time t (A); S represents the effective
working area of the anode specimen (cm?); and t represents the test duration (h).
In accordance with HB5374-1987, the galvanic corrosion susceptibility of 6061 aluminum
alloy/304 stainless steel galvanic couples in propylene glycol coolants with three different pH values
was classified.

Table 1. Criteria for evaluating galvanic corrosion susceptibility.

Electrode couple current density Electrochemical couple corrosion sensitivity

HA/cm? rating
i<0.3 A
0.3<<i<1.0 B
1.0<<i¢<3.0 C
3.0<<ig<10.0 D
i¢>10.0 E

3. Results

3.1. Corrosion-induced weight loss

After immersing 6061 aluminum alloy (single metal) and a 6061/304 galvanic couple in
propylene glycol coolant at different pH levels for 14 days, rust was removed from the 6061
aluminum alloy and the weight was measured. The corrosion rates under different test conditions
were calculated, as shown in Figure 1. As shown in Figure 1, corrosion weight loss for both the single
metal and the galvanic couple was highest at pH = 4.8, lowest at pH = 6.8, and intermediate at pH =
8.8. This indicates that a near-neutral environment is conducive to maintaining the stability of the
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aluminum alloy’s surface oxide film, while both acidic and weakly alkaline conditions promote
corrosion. Under pH 4.8 conditions, the acidic environment accelerated the dissolution of the
aluminum alloy’s surface protective film, making the substrate more susceptible to exposure,
resulting in the greatest corrosion weight loss; at pH 6.8, the surface film was relatively stable,
corrosion was inhibited, and weight loss was minimal; whereas under pH 8.8 conditions, aluminum
and its oxides/hydroxides may undergo amphoteric dissolution, weakening the protective function
of the film layer and causing a slight increase in corrosion weight loss. Compared to the single-metal
state, the corrosion weight loss of 6061 aluminum alloy after galvanic coupling increased significantly
under all three pH conditions, indicating accelerated dissolution when coupled with 304 stainless
steel as the anode; the galvanic effect promoted the corrosion process of the 6061 aluminum alloy.
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Figure 1. Corrosion rates of 6061 aluminum alloy after immersion in propylene glycol coolant with different pH

values for 14 days: uncoupled condition and galvanically coupled with 304 stainless steel.

3.2. Corrosion Morphology and Product Analysis

Figure 2 shows the microstructural corrosion morphology of the anode material (6061 aluminum
alloy) in a galvanic couple and the 6061 aluminum alloy in a single-metal state after 14 days of
immersion in propylene glycol coolant at different pH levels. As shown in Figure 2, the surface
morphology of the 6061 aluminum alloy in the single-metal state changes significantly with pH. At
pH =4.8, the specimen surface exhibited significant accumulation of corrosion products and localized
corrosion pits, indicating that the acidic environment promoted the dissolution and destruction of
the aluminum alloy’s surface oxide film. At pH = 6.8, the specimen surface was relatively smooth
with few corrosion products, showing only a small number of scattered corrosion defects. This
suggests that the surface film of 6061 aluminum alloy in near-neutral propylene glycol coolant is
relatively stable and exhibits good corrosion resistance. When the pH rose to 8.8, localized corrosion
products and areas of film damage reappeared on the surface, which is related to the amphoteric
dissolution of aluminum and its oxides/hydroxides in a weakly alkaline environment. Compared to
the single-metal state, the surface corrosion characteristics of 6061 aluminum alloy were more
pronounced after galvanic coupling. Under pH = 4.8 conditions, the surface of the coupled specimens
exhibited denser corrosion pits and uneven corrosion products, indicating that galvanic action in an
acidic environment further accelerated the anodic dissolution of the 6061 aluminum alloy. Under pH
= 6.8 conditions, the surface of the coupled specimens remained relatively smooth with relatively
mild corrosion, suggesting that a near-neutral environment can mitigate galvanic corrosion to some
extent. Under pH = 8.8 conditions, the surface of the coupled specimens exhibited obvious localized
corrosion product coverage, as well as cracking or peeling of the protective film. This indicates that
the stability of the aluminum alloy surface film decreases in a weakly alkaline environment, and the
galvanic coupling effect further promotes the development of localized corrosion.
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Figure 2. SEM surface morphologies of 6061 aluminum alloy after immersion in propylene glycol coolant with
different pH values for 14 days: (a,c.e) uncoupled condition at pH 4.8, 6.8 and 8.8, respectively; (b,d,f)
galvanically coupled with 304 stainless steel at pH 4.8, 6.8 and 8.8, respectively.

Figure 3 shows the 3D confocal morphologies of the 6061 aluminum alloy anode material in a
galvanic couple and the single-metal 6061 aluminum alloy after rust removal in propylene glycol
coolant at different pH levels. When the propylene glycol solution has a pH of 4.8, the corrosion pit
depth of the coupled 6061 aluminum alloy reaches approximately 22 um, with a width of about 172
um, indicating more severe corrosion compared to the uncoated 6061 aluminum alloy; in propylene
glycol coolant with a pH of 6.8, no significant corrosion pits were observed on the surfaces of either
the coupled or uncoated 6061 aluminum alloys; When the pH of the propylene glycol coolant was
8.8, extensive spalling occurred in localized areas on the surface of the 6061 aluminum alloy in both
states. This indicates that under slightly alkaline conditions, although aluminum alloys typically
possess a certain degree of passivation capability, excessively high pH may cause localized
destabilization or dissolution of the surface film, leading to a resurgence of localized corrosion.
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Figure 3. 3D laser confocal morphologies of 6061 aluminum alloy after immersion in propylene glycol coolant
with different pH values for 14 days and removal of corrosion products: (a,c,e) uncoupled condition at pH 4.8,

6.8 and 8.8, respectively; (b,d,f) galvanically coupled with 304 stainless steel at pH 4.8, 6.8 and 8.8, respectively.

Figures 4-6 show the XPS spectra and the composition of various substances for 6061 aluminum
alloy and 304 stainless steel after 14 days of immersion in propylene glycol coolant at different pH
levels. As shown in Figure 4, the main components of the corrosion products of 6061 aluminum alloy
in propylene glycol coolant at different pH levels remained unchanged, consisting primarily of
Al(OH)3 and Al20s. Under different pH conditions, the C 1s spectrum of the 6061 aluminum alloy
exhibited three peaks, corresponding to C-C, C-O, and O-C=0 bonds, respectively. Combined with
the organic oxygen observed in the O 1s spectrum, it can be concluded that propylene glycol is
adsorbed on the sample surface. Figures 5 and 6 show that the main composition of the passivation
film on the surface of 304 stainless steel remains largely consistent under different pH conditions,
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consisting primarily of Fe and Cr oxides and hydroxides; however, the relative content of each
component changes with pH. At pH = 4.8, the Cr(OH)3/Cr20s ratio is the lowest, which may be due
to the faster dehydroxylation reaction in acidic solutions [35]; Furthermore, when the propylene
glycol coolant has a pH of 4.8, the Fe?*/Fe® ratio is highest. This is likely because, at lower pH values,
the dissolution rate of Fe3* is faster, and Fe in the inner substrate is oxidized to lower-valent oxides
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Figure 4. XPS spectra of 6061 aluminum alloy after immersion in propylene glycol coolant with different pH

values for 14 days: (a) pH 4.8; (b) pH 6.8; (c) pH 8.8.
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Figure 5. XPS spectra of 304 stainless steel after immersion in propylene glycol coolant with different pH values
for 14 days: (a) pH 4.8; (b) pH 6.8; (c) pH 8.8.
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Figure 6. Proportions of different species in XPS spectra under different pH conditions.

3.3. Electrochemical Analysis of Corrosion

Figure 7 and Table 2 show the polarization curves and fitting results for 6061 aluminum alloy
and 304 stainless steel in propylene glycol coolant at pH 4.8, pH 6.8, and pH 8.8, respectively. When
the pH of the propylene glycol coolant is 4.8, the corrosion potentials of 6061 aluminum alloy and 304
stainless steel are -834 mV and -289 mV, respectively. The significant potential difference between
the two materials results in a pronounced galvanic effect, with a corresponding coupled current
density of 4933 nA/cm?2. When the pH of the propylene glycol coolant increased to 6.8, the potential
difference between the two materials decreased relatively, and the corresponding coupling current
density also decreased to 2581 nA/cm?. When the pH of the propylene glycol coolant was increased
to 8.8, the corrosion potentials of 6061 aluminum alloy and 304 stainless steel were -717 mV and -217
mV, respectively; the potential difference increased again, leading to an enhanced galvanic corrosion
effect. The mixed potential corresponding to the intersection of the polarization curves was -425 mV,
and the coupled current density reached 3651 nA/cm?.
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Figure 7. Polarization curves of 6061 aluminum alloy and 304 stainless steel in propylene glycol coolant with
different pH values and the changes induced by galvanic corrosion: (a) pH 4.8; (b) pH 6.8; (c) pH 8.8.

Table 2. Fitting results for 6061 aluminum alloy and 304 stainless steel in propylene glycol coolant with different
pH values.

Corrosion current

Corrosion potential Mixed potential Coupling current

Material pH ImV ImV density InA-em-?
/mA-cm?
4.8 -834 -483 669 4933
6061 6.8 -625 -397 332 2581
8.8 -717 -425 483 3651
4.8 -289 -483 190 4933
304 6.8 -234 -397 132 2581
8.8 -217 -425 105 3651

Figures 8 and 9, along with Tables 3 and 4, show the polarization curves and fitting results for
6061 aluminum alloy and 304 stainless steel after 20 hours of immersion in propylene glycol coolant
at different pH levels, under both coupled and uncoupled conditions. The corrosion current density
of 6061 aluminum alloy increased after coupling under different pH conditions, indicating that the
galvanic effect between the two materials significantly accelerated the corrosion of 6061 aluminum
alloy after coupling. This galvanic effect was most pronounced under acidic conditions and weakest
under near-neutral conditions. Furthermore, the corrosion current density of 304 stainless steel after
coupling remained consistently low, indicating that 304 stainless steel acts as a cathode in the galvanic
system, thereby inhibiting corrosion and maintaining a stable passivated state.
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Figure 8. Polarization curves of 6061 aluminum alloy after immersion in propylene glycol coolant with different

pH values for 20 h under coupled and uncoupled conditions.
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Figure 9. Polarization curves of 304 stainless steel after immersion in propylene glycol coolant with different pH

values for 20 h under coupled and uncoupled conditions.

Table 3. Fitting results of polarization curves for 6061 aluminum alloy after immersion in propylene glycol

coolant with different pH values for 20 h under coupled and uncoupled conditions.

Corrosion current density

Test condition pH Corrosion potential /mV /nA-cm?
4.8 -554 431
Uncoupled 6.8 -515 246
8.8 -520 319
4.8 -670 656
Coupled 6.8 -570 296
8.8 -612 394

Table 4. Fitting results of polarization curves for 304 stainless steel after immersion in propylene glycol coolant

with different pH values for 20 h under coupled and uncoupled conditions.

Corrosion current density

Test condition pH Corrosion potential /mV InA-cm=
4.8 -280 174
Uncoupled 6.8 -214 130
8.8 -200 102
4.8 -245 106
Coupled 6.8 -185 103
8.8 -165 80

Figure 10 shows a schematic diagram of the electrochemical impedance of 6061 aluminum alloy
after 20 hours of immersion in propylene glycol coolant at different pH levels, under both coupled
and uncoupled conditions. The electrochemical impedance of the 6061 aluminum alloy was fitted
using the equivalent circuit shown in Figure 11, and the fitting results are shown in Figure 12. Here,
Rs represents the resistance of the propylene glycol coolant, R¢ represents the resistance of the oxide
film on the 6061 aluminum alloy, and R« represents the charge transfer resistance at the surface of
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the 6061 aluminum alloy matrix. Due to the presence of a certain “diffusion effect,” the constant-
phase element Qn represents the interfacial capacitance of the metal-oxide film, and the constant-
phase element Qn represents the interfacial capacitance at the surface of the metal matrix.
Furthermore, the commonly used polarization resistance Rp represents the resistance of the system
during electrochemical reactions, and polarization resistance Rp = R¢+ Ret. The smaller the value of Ry,
the higher the degree of corrosion in the system and the greater the corrosion rate. As shown in
Figures 10 and 12, in propylene glycol coolants with different pH values, both the oxide film
resistance Rf and the polarization resistance Rp of 6061 aluminum alloy in the coupled state are
smaller than those in the uncoupled state. This indicates that 6061 aluminum alloy consistently acts
as the anode in the three types of propylene glycol coolants with pH = 4.8, pH = 6.8, and pH = 8.8
propylene glycol coolants, with electrons flowing from the 6061 aluminum alloy to the 304 stainless
steel, resulting in increased corrosion of the 6061 aluminum alloy. Furthermore, when the propylene
glycol coolant pH is 4.8, the polarization resistance (Rp) of the 6061 aluminum alloy in the coupled
state decreases by approximately 65% compared to that in the uncoupled state; when the propylene
glycol coolant pH is 6.8, the difference in polarization resistance (Rp) between the two states of the
6061 aluminum alloy is less than 50%. This may be due to the fact that the aluminum passivation film
is easily dissolved by H* and Cl- in an acidic environment, leading to a significant decrease in the
stability of the oxide film.
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Figure 10. Electrochemical impedance spectra of 6061 aluminum alloy after immersion in propylene glycol
coolant with different pH values for 20 h under uncoupled and galvanically coupled conditions: (a) pH 4.8; (b)
pH 6.8; (c) pH 8.8.
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Figure 11. Equivalent circuit models for 6061 aluminum alloy in propylene glycol coolant.
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Figure 12. EIS fitting results of 6061 aluminum alloy after immersion in propylene glycol coolant with different
pH values for 20 h under uncoupled and galvanically coupled conditions: (a) oxide film resistance, R¢; (b) charge

transfer resistance, Re; (c) polarization resistance, Rp.

Figure 13 shows a schematic diagram of the electrochemical impedance of 304 stainless steel
after 20 hours of immersion in propylene glycol coolant at different pH levels, under both coupled
and uncoupled conditions. The electrochemical impedance of 304 stainless steel was fitted using the
equivalent circuit shown in Figure 14, and the fitting results are shown in Figure 15. Figures 13 and
15 demonstrate that the electrochemical impedance of 304 stainless steel varies under different pH
conditions. In the uncoupled state, as the pH increased from 4.8 to 6.8, the polarization resistance Rp
of 304 stainless steel increased; when the pH further increased to 8.8, the polarization resistance Rp
increased further, indicating that the passivation film on the surface of 304 stainless steel is more
stable under near-neutral and weakly alkaline conditions; Rp was minimal under acidic conditions,
indicating that 304 stainless steel has a stronger tendency to corrode at pH =4.8. Under the same pH
conditions, both the oxidation film resistance (R¢) and the charge transfer resistance (Ret) of 304
stainless steel in the coupled state were greater than those in the uncoupled state. This indicates that
when 304 stainless steel forms a galvanic couple with 6061 aluminum alloy, it primarily acts as the
cathode, and its anodic dissolution process is suppressed, resulting in a milder degree of surface

corrosion.
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Figure 13. Electrochemical impedance spectra of 304 stainless steel after immersion in propylene glycol coolant
with different pH values for 20 h under uncoupled and galvanically coupled conditions: (a) pH 4.8; (b) pH 6.5;
(c) pH 8.8.
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Figure 14. Equivalent circuit models for 304 stainless steel in propylene glycol coolant.
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Figure 15. EIS fitting results of 304 stainless steel after immersion in propylene glycol coolant with different pH
values for 20 h under uncoupled and galvanically coupled conditions: (a) oxide film resistance, Rs; (b) charge

transfer resistance, Ret; (c) polarization resistance, Rp.

3.4. Evaluation of Galvanic Corrosion Sensitivity

Figure 16 shows a schematic diagram of the thermocouple current and potential for a 6061
aluminum alloy/304 stainless steel thermocouple pair in propylene glycol coolant at pH values of 4.8,
6.8, and 8.8. At the beginning of the test, the galvanic current of the 6061 aluminum alloy/304 stainless
steel couple in propylene glycol coolants with three different pH values fluctuated to some extent, all
showing a trend of first increasing and then decreasing; as the test duration increased, the galvanic
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current of the couple in the propylene glycol coolant tended to stabilize. This is because, when the
specimens first came into contact with the coolant, the oxide film on the surface of the 6061 aluminum
alloy and the passivation film on the surface of the 304 stainless steel had not yet reached a stable
state, and the processes of anodic dissolution and cathodic reduction were relatively active. As the
immersion time increased, a relatively stable oxide film gradually formed on the surface of the 6061,
and the passivation film on the surface of the 304 also tended to stabilize, with the system gradually
reaching a dynamic equilibrium. Using Equation (1) to calculate the galvanic current density of the
galvanic couple in propylene glycol coolants with pH values of 4.8, 6.8, and 8.8, the results were 3.49
uA/cm?, 2.03 pA/cm?, and 2.14 pA/cm?, respectively. Referring to Table 1 to assess their galvanic
corrosion sensitivity, the corrosion sensitivity of the galvanic couple in propylene glycol coolants at
pH 6.8 and pH 8.8 is classified as Grade C, while in the propylene glycol coolant at pH 4.8, the
corrosion sensitivity increases to Grade D. The test results indicate that propylene glycol coolant with
a pH of 4.8 exhibits the highest corrosivity toward the 6061 aluminum alloy/304 stainless steel
galvanic couple; however, the change in pH did not alter the anode and cathode roles of the couple,
meaning that 6061 aluminum alloy consistently acts as the anode material and 304 stainless steel
consistently acts as the cathode material in propylene glycol coolant.

As shown in Figure 16b, the galvanic potential of the galvanic couple in propylene glycol coolant
at pH 6.8 and pH 8.8 eventually stabilized at -0.29 V and -0.34 V, respectively; the difference in
galvanic potential between the two pH conditions was not significant; The galvanic potential of the
pair in propylene glycol coolant at pH 4.8 eventually stabilized near -0.42 V. That is, the galvanic
potential of the 6061 aluminum alloy and 304 stainless steel pair was lowest in propylene glycol
coolant at pH 4.8, indicating the greatest tendency for galvanic corrosion between the two, which is
consistent with the results of the galvanic current test.

a) 1oxio* - b
( )QOXW 6061-304-pH=4.8 ( ) oal 6051304 pH-48
il | R ———6061-304-pH-6.8
8.0x10° + —6061-304-pH=8.8 02t 6061-304-pH-8.8
7.0x10* |
By - 00}
4
£ 60x10° | >
< 02
3 5.0x10° | a1}
:m 4.0x10% ol — sy
3.0x10° £ o8 “T
20x10%
08
1.0x10° | A
00

L L L L ' L L 10 L 1 L L L L L
0 10000 20000 30000 40000 50000 60000 70000 S0000 0 10000 20000 30000 40000 50000 60000 70000 80000
t/s t/s

Figure 16. Galvanic current and galvanic potential of the 6061 aluminum alloy/304 stainless steel galvanic couple

in propylene glycol coolant with different pH values: (a) galvanic current; (b) galvanic potential.

4. Discussion

In an acidic propylene glycol coolant with a pH of 4.8, the oxide film on the surface of 6061
aluminum alloy undergoes acid dissolution first, as shown by the following reaction:

ALO,+6H" — 2AI* +3H,0 @)

AI(OH), +3H" — A" +3H,0 3)

Once the protective film on the specimen’s surface is damaged, the exposed aluminum substrate
undergoes anodic dissolution, while the cathode continues to reduce dissolved oxygen. The reaction
is as follows:

Al - A" +3e” (4)
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0O,+2H,0+4e” — 40H" (5)

Under pH 4.8 conditions, H+ continuously erodes the surface protective film, causing the
aluminum matrix to dissolve continuously and exacerbating corrosion. When the specimen is
coupled with 304 stainless steel, electrochemical test results show that the potential of 6061 aluminum
alloy is more negative under acidic conditions; it continues to act as an anode, dissolving to form Al%,
while 304 stainless steel consistently acts as a cathode, undergoing an oxygen reduction reaction.
Under acidic conditions, the surface film of the 6061 aluminum alloy is severely damaged by H,
resulting in the most pronounced anodic activation. Meanwhile, although the 304 stainless steel acts
as a cathode and does not dissolve, an oxygen reduction reaction continuously occurs on its surface,
consuming electrons and driving the 6061 aluminum alloy to continuously lose electrons.
Consequently, both the rate of electron generation at the anode and the rate of electron consumption
at the cathode are high within the system, leading to the maximum galvanic current and exacerbating
the degree of corrosion.

For a weakly alkaline propylene glycol coolant with a pH of 8.8, the oxide film on the surface of
6061 aluminum alloy is no longer damaged by acidity; however, since aluminum is an amphoteric
metal, the AI(OH)s and Al20s on its surface undergo an alkaline dissolution reaction, which can be
expressed as:

Al(OH), +OH" —[ Al(OH), | (6)

Al1,0,+20H +3H,0 — 2[ AI(OH), | )

When the surface protective film dissolves, the aluminum substrate dissolves to form Al*, and
the cathode continues to undergo an oxygen reduction reaction to produce OH-. The OH- generated
by the cathodic reaction then combines with AI** to form a new corrosion product film. However, this
film is unstable and continues to be broken down by the solution. Consequently, the surface film of
6061 aluminum alloy is constantly forming and breaking down, reducing its protective effect and
increasing the degree of corrosion compared to near-neutral conditions. When coupled with 304
stainless steel, the 6061 aluminum alloy continues to dissolve as the anode, while the 304 stainless
steel still undergoes the oxygen reduction reaction. Compared to pH = 6.8, under pH = 8.8 conditions,
the surface film of the 6061 aluminum alloy undergoes alkaline dissolution due to the action of OH,,
and the anode activity is re-enhanced; At the same time, the passivation film on the surface of 304
stainless steel becomes more stable, allowing its cathodic oxygen-reduction reaction to proceed more
continuously. Consequently, the galvanic current in the system increases again compared to pH 6.8,
and galvanic corrosion intensifies.

5. Conclusions

This study investigates the corrosion behavior of 6061 aluminum alloy, 304 stainless steel, and
their galvanic couples in propylene glycol coolants at pH 4.8, pH 6.8, and pH 8.8. The conclusions are
as follows:

(1) Under different pH conditions, compared to uncoupled 6061 aluminum alloy, the coupled
6061 aluminum alloy exhibited increased corrosion weight loss, corrosion pit depth, and corrosion
current density, while polarization resistance decreased; that is, the 6061 aluminum alloy consistently
acted as the anode and underwent accelerated corrosion; The corrosion severity of 304 stainless steel
under both coupled and uncoupled conditions was relatively mild, significantly less than that of 6061
aluminum alloy.

(2) XPS results indicate that as the pH of the propylene glycol coolant increases, the corrosion
products of the 6061 aluminum alloy remain unchanged, consisting of Al(OH)s and AlOs; for 304
stainless steel, the main components of the passivation film remain unchanged under different pH
conditions.
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(3) As the pH of the propylene glycol coolant increases, the galvanic current between 6061
aluminum alloy and 304 stainless steel in the coolant first decreases and then increases, while the
galvanic potential first increases and then decreases. Furthermore, 6061 aluminum alloy consistently
acts as the anode and 304 stainless steel as the cathode in the galvanic couple, with no reversal of the
anode and cathode occurring. For propylene glycol coolants with pH values of 4.8, pH = 6.8, and pH
= 8.8, the corresponding galvanic corrosion sensitivity grades are Grade D, Grade C, and Grade C,
respectively.
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