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Water-based cooling systems can promote corrosion of metal components,
while conventional ethylene glycol coolants pose toxicity and environmental
concerns. To address these issues, a novel coolant derived from crude palm oil
(CPO) was evaluated for its corrosion behavior on SPCC-based electro-
galvanized steel, a material commonly used in radiator applications. The
coolant formulation consisted of glycerol, propylene glycol, a CPO-based
component, and distilled water, blended to achieve a homogeneous mixture,
with chemical analysis confirming three principal natural constituents
accounting for nearly the entire formulation. Corrosion performance was
assessed by static immersion of SECC samples in the CPO-derived coolant at
ambient temperature for 336 h. No measurable weight loss was detected after
immersion. SEM—EDS analysis revealed a predominantly zinc-rich surface
with no evidence of Fe-rich oxide formation, while XRD patterns were
dominated by metallic Zn and Fe reflections at 20 =~ 44.6°, 65.2°, and 82.38°,
with no diffraction peaks corresponding to crystalline iron corrosion products
such as hematite, magnetite, or goethite. The absence of corrosion-related
diffraction features and rust formation indicates that the CPO-based coolant
did not induce corrosion under the investigated short-term conditions. These
results suggest that the CPO-derived coolant is a promising renewable and
corrosion-compatible alternative for cooling applications, although further
evaluation under long-term, dynamic, and elevated-temperature conditions is
required.
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1. Introduction

Cooling systems are critical components of industrial machinery, automotive engines, and electronic
devices, in which reliable heat dissipation is required to maintain their operational stability and efficiency.
In such systems, metallic materials, including radiator panels, cooling channels, and heat exchangers, are
continuously exposed to circulating cooling media. Consequently, material degradation due to corrosion is
amajor engineering concern because it directly affects the thermal efficiency, structural integrity, and service
life of cooling system components [1, 2].
https://doi.org/10.36805/kfp52419
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Water-based coolants are widely used because of their low cost, high availability, and favorable
thermal properties of water. However, direct contact between water and metallic materials often accelerates
corrosion, particularly in steel-based components [3, 4]. Among these, water is widely used because of its
low cost, high availability, and favorable thermal properties, such as a high specific heat capacity and thermal
conductivity [3-5]. Consequently, water-based cooling systems remain dominant in several industrial and
engineering applications.

However, the use of water as a cooling medium is accompanied by inherent limitations related to its
compatibility with materials. Direct contact between water and metallic components in cooling systems, such
as radiators and cooling channels, can promote corrosion and erosion, particularly under elevated
temperatures and continuous flow conditions [6-8]. In practical operations, cooling water circulates through
radiators to transfer heat from the system to the environment [8-10]. During prolonged operation, dissolved
oxygen, impurities, and temperature gradients in water can accelerate the electrochemical reactions on metal
surfaces. These processes may degrade surface integrity, reduce heat transfer performance, and shorten the
service life of cooling system components [11, 12].

To overcome these drawbacks, conventional coolants are commonly formulated by adding chemical
additives to water to increase the boiling point, provide antifreeze capability, and suppress corrosion. These
formulations also aim to stabilize thermal performance under varying operating conditions. Ethylene glycol,
which is mainly derived from petroleum resources, is one of the most widely used additives in commercial
cooling fluids [13]. Despite their effectiveness, ethylene glycol-based coolants raise concerns regarding
toxicity, environmental persistence, and dependence on non-renewable resources. These issues have
encouraged research on alternative coolant formulations with improved environmental profiles and
performance.

In recent years, increasing attention has been paid to the development of alternative cooling media
derived from renewable and environmentally friendly resources. Crude Palm Oil (CPO) and its derivatives,
including glycerol and bio-based glycols, have been reported to exhibit favorable lubrication characteristics
and potential corrosion-inhibition behavior, making them candidates for coolant formulations [14]. In
addition, CPO-derived compounds are biodegradable and can be sourced from renewable feedstocks, thus
supporting sustainable engineering. Their polar functional groups may also contribute to the formation of
protective films on metal surfaces during cooling-system operation. However, their performance in water-
based hybrid coolant systems requires further investigation.

Nevertheless, studies addressing the interactions between CPO-derived hybrid coolants and metallic
materials under cooling-relevant conditions remain limited. In particular, SPCC-based electro-galvanized
steel, which is widely used in radiator panels and cooling system components, has not been extensively
investigated with respect to its corrosion behavior when exposed to CPO-based cooling media. Previous
studies on CPO-derived fluids and biodiesel systems have mainly focused on thermal performance,
lubrication behavior, and fuel-related properties, whereas systematic evaluations of metal-coolant
compatibility are still scarce. Moreover, detailed surface and phase characterizations using scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM—-EDS) and X-ray diffraction (XRD)
have rarely been reported for such hybrid coolant systems, especially under static room-temperature
conditions representative of early-stage cooling system exposure. Therefore, this study investigates the
corrosion behavior of SPCC-based electro-galvanized steel immersed in a hybrid coolant derived from crude
palm oil (CPO), in which the coolant composition was first characterized by gas chromatography—mass
spectrometry (GC—MS) to ensure compositional stability, followed by mass-loss-based immersion corrosion
testing, SEM—EDS analysis to assess surface morphology, elemental distribution, and zinc coating integrity,
and XRD analysis to identify potential crystalline corrosion products and phase stability after exposure. By
integrating chemical, microstructural, and phase analyses, this work provides a comprehensive assessment
of early-stage corrosion behavior and metal-coolant compatibility in CPO-derived hybrid coolants,
contributing to the development of sustainable and corrosion-compatible cooling media for industrial and
automotive thermal management applications.
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2. Methods and Data Collections

2.1.  SPCC-based electro-galvanized steel material

Steel plate cold-rolled commercial (SPCC) steel is produced through a cold-rolling process and is
widely applied in automotive components (including radiator-related parts), electronic housings, and
household appliances owing to its good formability and dimensional accuracy [15-17]. SPCC steel exhibits
a smooth surface finish and uniform thickness; however, it is susceptible to corrosion when exposed to
aqueous environment. Therefore, SPCC is commonly used as a base material for surface-coated steel in
engineering applications to enhance corrosion resistance.

The specimens investigated in this study were supplied under electro-galvanized conditions,
corresponding to SECC according to JIS G 3313, with SPCC as the base steel according to JIS G 3141.
Therefore, in this study, the material is referred to as SPCC-based electro-galvanized steel.

The physical and mechanical properties of SPCC steel include a density of 7.85 g-cm™, tensile strength
of approximately 270 Mpa [15, 16], yield strength ranging from 140-280 Mpa [16, 17], elongation at break
of 27-31% [17, 18], and thermal conductivity of 73.3 W-m™'-K™'. Circular specimens were prepared with a
diameter of 35.1 mm and thickness of 1.51 mm. The measured mass of each specimen was approximately
14.33 g, which was consistent with the specimen geometry and the presence of an electro-galvanized zinc
coating.

Based on dimensional consistency and surface compositional analysis, the zinc coating thickness was
estimated to be on the order of several micrometers to several tens of micrometers, which is consistent with
typical electro-galvanized steel (SECC) specifications. Therefore, the contribution of the zinc coating to the
overall specimen mass was considered when interpreting the immersion corrosion results.. A typical
microstructure of SPCC steel is shown in Figure 1.
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Figure 1. The microstructure of the SPCC-based electro-galvanized cold-rolled surface has a uniform grain structure,

smooth finish, and typical ferrite-pearlite phases, which are relevant for evaluating the corrosion behavior in hybrid
coolant immersion tests.

2.2.  Preparation of CPO-derived hybrid coolant

A hybrid coolant was prepared using CPO derivatives and distilled water. The materials consisted of
glycerol (10 mL), propylene glycol (20 mL), a tropical additive (10 mL), and aquadest (70 mL). Aquadest
refers to laboratory-grade distilled water, while the tropical component is a CPO-derived additive intended
to improve lubrication and corrosion inhibition. All the components were placed in a 150 mL glass beaker,
resulting in a total mixture volume of 110 mL.

The initial mixing process was conducted using a magnetic stirrer at room temperature (27 + 2°C) for
10 min, as shown in Figure 2. The procedure involved the preparation of the hybrid coolant composition
(Figure 2a), placement of the raw materials in a 150 mL glass beaker prior to stirring (Figure 2b), and

99



1. B. Rahardja et al. Jurnal Teknik Mesin Mechanical Xplore (JTMMX) Vol. 6, No.2 (2026) 97-110

subsequent magnetic stirring to achieve a preliminary homogeneous dispersion and uniform distribution of
the CPO-derived additives within the aqueous medium (Figure 2c). This initial mixing step was intended to
minimize early phase separation and ensure the consistent dispersion of all components before sonication.

Magnetic Stirrer

Total Volume 110 mL

Glycerol: 10 mL
Propylene Glycol: 20 mL
Tropical Additive (CPO-

derived): 10 mL

Aquadest (Distilled
Water): 70 mL

(a)

Figure 2. Initial mixing of hybrid coolant components: (a) hybrid coolant compositions, (b) raw materials in a 150 mL
glass beaker prior to stirring, and (c) magnetic stirring at room temperature (27 + 2°C) for 10 min to achieve preliminary
homogeneous dispersion and uniform distribution of CPO-derived additives.

Following the preliminary mixing step, the hybrid coolant was subjected to ultrasonic sonication to
further promote uniform dispersion of the CPO-derived components within the aqueous phase. Sonication
was performed in the pulse mode at 60°C for 60 min using an ultrasonic bath, as shown in Figure 3a. The
objective of this sonication step was to improve the visual homogeneity of the hybrid coolant by enhancing
the molecular-level dispersion and reducing the macroscopic phase separation between the hydrophilic
constituents (aqueous solution and glycerol) and organic CPO-derived additives (Figure 3b).

After sonication, the glass beaker containing the hybrid coolant was removed from the ultrasonic unit
and allowed to cool to ambient temperature. The final appearance of the hybrid coolant after sonication is
shown in Figure 3c, where a visually homogeneous and stable mixture was obtained after sonication. The
absence of visible phase separation after cooling indicates that the preparation procedure achieved its
intended objective and produced a hybrid coolant suitable for subsequent immersion corrosion testing and
chemical characterization

2.3. Gas chromatography—mass spectrometry (GC-MS)

Gas chromatography—mass spectrometry (GC-MS) analysis was performed to characterize the
chemical constituents of the CPO-derived hybrid coolant prior to immersion corrosion testing. Before
analysis, the aqueous phase was separated from the organic components using liquid—liquid extraction with
n-hexane to reduce water interference and enhance the detection of organic compounds.

GC-MS measurements were performed using an Agilent GC-MS system (GCMSD 5973) equipped
with an HP-5MS capillary column (30 m x 0.25 mm x 0.25 pum). Helium was used as the carrier gas at a
constant flow rate of 1.0 mL-min™'. The injection volume was 1 pL, and the system was operated in split
mode with a split ratio of 10:1. The oven temperature program was set from 50°C (held for 2 min) to 280°C
at a heating rate of 10°C-min".

2.4. Immersion corrosion test conditions

Immersion corrosion tests were conducted to evaluate the corrosion behavior of the SPCC-based
electrogalvanized CPO-derived hybrid coolant using a mass loss-based approach. Prior to immersion, all
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specimens were mechanically cleaned, rinsed with distilled water, dried, and weighed using an analytical
balance with a resolution of 0.01 mg to obtain the initial mass (). The average initial mass of the specimens
was 14.33 g. The exposed surface area (4) of each specimen was determined based on the dimensions of the

specimen measured before testing.
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Figure 3. Ultrasonic homogenization and final appearance of hybrid coolant: (a) ultrasonic bath with the glass beaker
containing the hybrid coolant prior to sonication, (b) sonication performed in pulse mode at 60°C for 60 min to enhance
molecular-level dispersion and improve the colloidal stability of CPO-derived additives, (c) final hybrid coolant after

sonication.

The specimens were immersed under static conditions at room temperature (27 + 2°C) for 336 h (14
d), which is commonly adopted for preliminary corrosion evaluation in coolant-related studies. Three
specimens (n = 3) were used for each test condition to ensure repeatability. In addition to the hybrid coolant,
control samples were prepared by immersing SPCC steel in distilled water and a commercial ethylene glycol-
based coolant. The weighing procedure and immersion test setup are illustrated in Figure 4.

Weighing scale Corrosion immersions test

Figure 4. Immersion corrosion test procedure of SPCC steel: (a) weighing of SPCC specimens using an analytical
balance prior to immersion to obtain the initial mass (mg), and (b) static immersion corrosion test of SPCC specimens
in the CPO-derived hybrid coolant and control media at room temperature (27 + 2°C) for 336 h.

During immersion, the specimens were fully submerged without mechanical agitation, and aeration
was limited to ambient conditions. After the immersion period, the specimens were removed, rinsed with
distilled water to eliminate residual coolant, dried at 40°C for 30 min, and allowed to equilibrate in a
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desiccator. The final mass (m:) of each specimen was measured using an analytical balance. The mass loss
(4m) was calculated using Eq. (1):

Am =my—m; (D)

where mQ is the initial mass before immersion and mt is the final mass after immersion.
The corrosion rate (CR) was estimated using the mass-loss-based expression given in Eq. (2):

__K-Am
CR = v ()

where CR is the corrosion rate (mm-year'), 4m is the mass loss (g), A is the exposed surface area of the
specimen (cm2), t is the immersion time (h), p is the density of SPCC steel (7.85 g-cm™®), and K is a
dimensional constant (8.76x10%) used to convert units to mm-year".

2.5. Electron microscopy (SEM—EDS)

The surface morphology and elemental composition of the SPCC-based electrogalvanized steel
specimens after immersion were examined usi550°Cimaging. SEM observations at 280°C were conducted
at an accelerating voltage of 15 kV. Prior to analysis, the specimens were coated with a thin conductive layer
to minimize charging effects. Elemental analysis was performed using an EDS detector integrated with the
SEM. EDS measurements were conducted at an accelerating voltage of 15-20 kV and a working distance of
10 mm. The elemental composition was analyzed in selected regions of interest to assess the surface
degradation and corrosion-related features.

2.6. X-ray Diffraction

The XRD analysis was conducted to identify possible crystalline corrosion products and phase
changes on the surface of SPCC-based electro-galvanized steel after immersion in the CPO-derived hybrid
coolant. XRD measurements were performed at room temperature using a diffractometer equipped with Cu
Ka radiation (A = 1.5406 A). Diffraction patterns were collected over a 20 range of 20-80°, with a step size
of 0.02° and a scanning speed of 2°-min'. Phase identification was carried out by comparing the obtained
diffraction patterns with standard reference databases.

XRD analysis was employed to complement the SEM—EDS observations by providing phase-level
information on the surface condition after immersion, particularly to determine whether exposure to the
hybrid coolant induced the formation of crystalline corrosion products or altered the original metallic phases.
Through the combined use of SEM-EDS and XRD, both surface morphology, elemental distribution, and
phase stability of the electro-galvanized steel were systematically evaluated following coolant exposure.

3. Results and Discussion

3.1. Chemical characterization of CPO-derived hybrid coolant analysis

Gas chromatography—mass spectrometry (GC-MS) was used to characterize the chemical
composition of the CPO-derived hybrid coolant prior to corrosion testing. Chemical characterization is
essential to ensure formulation consistency and support the interpretation of subsequent metal—coolant
interactions.

The GC-MS chromatogram revealed eight detectable peaks, of which three dominant peaks accounted
for approximately 99.25% of the total area. The primary peak was observed at a retention time of 8.614 min,
which represented 59.07% of the total area. The second and third major peaks appeared at retention times of
2.566 min and 2.761 min, contributing 27.93% and 12.25%, respectively. All remaining peaks accounted for
less than 0.5% of the total area, indicating that they were present only at trace levels. The GC-MS peak area
distributions are summarized in Table 1.

The predominance of three major peaks demonstrates that the hybrid coolant possesses a chemically
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simple, well-defined, and stable composition with minimal formation of secondary or degradation-related
compounds. Such compositional simplicity is advantageous for corrosion studies because it reduces the
uncertainty associated with reactive minor species that may influence the electrochemical behavior.

Table 1. GC-MS peak area distribution of the CPO-derived hybrid coolant

Peak No.
Parameters
1 2 3 4 5 6 7 8
Retention time (min) 2.57 2.76 8.61 16.84 18.57 19.28 20.77 23.86
Avrea fraction (%) 27.93 12.25 59.07 0.33 0.23 0.07 0.05 0.08

Detailed GC-MS peak area distributions have rarely been reported in corrosion-focused studies
involving bio-based or hybrid fluids. For instance, Jin et al. [19] and Kugelmeier et al. [20] primarily
characterized biodiesel and biofuel systems using bulk parameters, such as ester content, total acid number,
viscosity, and water content, without presenting retention time—resolved chromatographic data. In contrast,
Wang and Liu [21] reported chemically complex bio-oil systems characterized by diverse oxygenated and
acidic compounds, which were associated with severe corrosion rates exceeding 0.1-1 mm-year~'. Compared
to these systems, the CPO-derived hybrid coolant examined in this study exhibited a markedly lower
compositional complexity, as evidenced by the dominance of a limited number of stable organic constituents.

From a physicochemical perspective, the dominance of stable, nonionic organic components and the
low proportion of reactive minor species suggest limited electrochemical activity at the metal-coolant
interface of the CWS. CPO-derived organic molecules may adsorb onto steel surfaces through weak physical
interactions, forming a discontinuous protective layer that reduces direct metal-aqueous contact and
suppresses early stage uniform corrosion. Similar behavior has been reported for chemically stable cooling
fluids under static exposure conditions [22].

Overall, the GC-MS results confirmed that the CPO-derived hybrid coolant exhibited high chemical
stability and low compositional complexity. This provides a reliable foundation for correlating fluid
chemistry with the corrosion behavior of SPCC-based electro-galvanized steel, which is systematically
evaluated in the following sections.

3.2.  Immersion corrosion analysis

The mass-loss-based corrosion test in this study showed that SPCC-based electro-galvanized steel did
not lose any measurable mass after 336 h (14 d) of static immersion in the CPO-based hybrid coolant at room
temperature. The measured mass difference (4m) was too small for detection. Consequently, the corrosion
rate (CR) was almost zero. This indicates that there was almost no corrosion during the short-term static
exposure period.

This behavior is consistent with previous studies reporting that the corrosion of carbon steel in bio-
based or organic fluids is strongly governed by the chemical aggressiveness of the medium. Under mild
chemical conditions. Kugelmeier et al. [20] reported no measurable mass loss for carbon steel immersed in
biodiesel—petrodiesel blends (B7-B30) after 2160 h at 50 °C, with only minor surface morphology changes
and no continuous corrosion layers. In contrast, studies conducted in chemically aggressive bio-oil
environments have consistently reported substantially higher corrosion rates.

In contrast, studies conducted in chemically aggressive bio-oil environments have reported
significantly higher corrosion rates. Wang and Liu [21] observed corrosion rates exceeding 1 mm-year ' for
carbon steel exposed to raw bio-oil and bio-oil-methanol mixtures at 50 °C. SEM analysis revealed thick
corrosion layers, and XRD identified the iron-oxide phases. Similarly, Andari et al. (2022) [23] reported very
high corrosion rates exceeding 10 mm-year ' for carbon and low-alloy steels exposed to acidic vegetable oils
and fatty acid-rich media. These results confirm that acidity and fatty acids significantly accelerate the
corrosion rate.
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Additional evidence is provided by biodiesel corrosion studies. Hu et al. [24] reported measurable
corrosion of magnesium, aluminum, and carbon steel in rapeseed-oil-based biodiesel. SEM observations
revealed localized corrosion and surface roughening in the samples after the tests. The severity of corrosion
is governed by the acidity and impurity content of the oil. Jin et al. [19] also observed corrosion products
and surface deposits on carbon steel exposed to palm biodiesel. This occurred even when the bulk fuel
properties were within an acceptable range. These studies indicate that corrosion in bio-based fluids is often
controlled by trace impurities rather than the dominant organic components.

Compared with these aggressive environments, the CPO-derived hybrid coolant investigated in this
study represents a considerably milder environment. The coolant comprised a neutral aqueous phase with a
controlled organic composition. The tests were conducted at ambient temperature under static conditions.
These factors suppress corrosion-driven electrochemical reactions. The absence of measurable mass loss and
near-zero corrosion rate observed in this study are consistent with these conditions.

3.3. SEM-EDS surface morphology

SEM-EDS analysis was conducted to examine the surface morphology and elemental composition of
SPCC-based electro-galvanized steel after 336 h of static immersion in the CPO-derived hybrid coolant.
Figure 5a—c show the SEM micrographs and corresponding EDS point analyses obtained from three
representative surface regions selected to evaluate the local variations in the surface condition following
immersion. The EDS results are reported in terms of weight concentration (wt.%), as provided by the
instrument software.

Element Element  Element Atomic  Weight (a )
@ Number Symbol Name Conc. Conc.
8 o Oxygen 7.833 2,098
0k
= 26 Fe iron 18.593 17.383
30 Zn Zinc 73.574 80.519
10k
: | R 19
0 T o T
20k
10k
0 ® &
) ! o T 1
Element Element Element Atomic  Weight (c)
& Number Symbol Name Conc. Conc.
@ 8 o Oxygen 43.561 19.700
13 Al Aluminum 8.002 6.100
14 Si Silicon 9.824 7.800
= 20 Ca Calcium 1059 1200
26 Fe Iron 15.583  24.600
30 Zinc 21970 40.600
1k
)
B ) I ho T T

Figure 5. SEM-ESD microscopy analyses of SPCC-based electro-galvanized steel (SECC) after 336 h of static
immersion in CPO-derived hybrid coolant: (a) Zn-rich surface region, (b) stable zinc-coated surface with minor
elemental variations, and (c) heterogeneous surface region containing Zn, Fe, O, and trace elements.

As shown in Figure 5a, the surface was dominated by zinc, with Zn accounting for approximately 80.5

104



1. B. Rahardja et al. Jurnal Teknik Mesin Mechanical Xplore (JTMMX) Vol. 6, No.2 (2026) 97-110

wt. %, while Fe is detected at a comparatively lower level (17.4 wt.%). The oxygen content was relatively
low (2.1 wt.%), indicating the absence of thick iron oxide layers. These results confirm that the zinc coating
remained intact in this region and effectively shielded the underlying steel substrate from direct exposure to
coolant. The surface morphology observed in Figure 5b is characterized by irregular block-like features
similar to those shown in Figure 5a. The EDS spectra indicated that Zn was the primary metallic element,
accompanied by oxygen and minor Al.. No localized enrichment of Fe—O species was observed, suggesting
that active corrosion of the steel substrate did not occur and that the zinc-coated layer remained intact. As
shown in Figure 5c, a heterogeneous distribution of elements was observed. Although Zn remains a
significant component (=40.6 wt. %), a higher oxygen content (=19.7 wt.%) and minor elements such as Al,
Si, and Ca are detected. These elements are attributed to superficial surface deposits or environmental
residues rather than corrosion products. Importantly, Fe was present at a moderate level (=24.6 wt. %)
without evidence of Fe-rich oxide formation, indicating that the steel substrate was not significantly
corroded. Therefore, this region is interpreted as a transition zone between the Zn coating and surface
deposits.

To facilitate a comparative interpretation of the SEM—EDS results across the analyzed regions, the
main observations from Figure 5a—c are summarized in Table 2.

Table 2. Summary of SEM—-EDS interpretation of SPCC-based electro-galvanized steel after immersion in NaCl
solution.

Aspect Spot 1 Spot 2 Spot 3
Zn dominance Very high High Moderate
Fe contribution Low Low—moderate Moderate
Thick iron oxide layer Not observed Not observed Not observed
Evidence of pitting None None None
Coating condition Intact Intact Transition zone

Overall, the SEM-EDS results demonstrate that Zn remained the dominant surface element across all
the analyzed regions, confirming the persistence of the electro-galvanized layer after 336 h of static
immersion. The absence of Fe-rich oxide layers, pitting corrosion, and severe surface degradation is
consistent with the negligible mass loss observed during immersion testing. These findings indicate that the
CPO-derived hybrid coolant did not induce significant corrosion of the SPCC-based electrogalvanized steel
under the investigated conditions. The SEM—EDS observations obtained in this study further provide a basis
for comparison with previously published studies on carbon steel and zinc-coated steel exposed to bio-based
fluids, cooling media, and organic environments, as discussed in the next section.

3.4. XRD analysis

X-ray diffraction (XRD) analysis was conducted to identify crystalline corrosion products formed on
the surface of SPCC-based electro-galvanized steel after 336 h of static immersion in the CPO-derived hybrid
coolant. The diffraction patterns were dominated by reflections corresponding to metallic Zn and Fe phases,
indicating that the galvanized steel structure remained largely intact after immersion.

No diffraction peaks associated with crystalline iron corrosion products—such as Fe:0s, FesOa, or
FeO(OH)—were detected within the resolution limits of the XRD measurements. The main diffraction peaks
of the immersed samples appeared at 20 values of approximately 44.6°, 65.2°, and 82.38°, which are
characteristic of metallic phases. In contrast, hematite (JCPDS No. 33-0664) exhibits characteristic peaks at
24.12°,33.15°, 40.48°, and 54.08°, none of which were observed in the present study (Figure 6).

Under more aggressive exposure conditions, Jin et al. [ 19] reported the formation of various crystalline
corrosion products on mild steel immersed in palm biodiesel, including Fe:0s, FeO(OH), FeCOs, FeO, and
Fe202COs. In contrast, Wang and Liu [21] observed only base-metal diffraction peaks in bio-oil
environments, attributing the absence of corrosion products to the formation of ultrathin or amorphous
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surface layers beyond the detection capability of XRD.

The present results are consistent with the latter findings, suggesting that the CPO-derived hybrid
coolant environment was relatively mild. The absence of detectable crystalline corrosion phases indicates
that corrosion progression was limited and did not result in the formation of bulk or crystalline corrosion
products. Nevertheless, the presence of amorphous or nanoscale corrosion layers cannot be completely
excluded due to the inherent limitations of XRD.

Overall, the XRD results are in good agreement with the negligible mass loss and SEM—EDS
observations, confirming that no significant corrosion-related phase transformations occurred under the
investigated static immersion conditions..

975 4 44.46 — Sample #1
] — JCPDS No. 33-0664
900 3
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»:é ]
< 750 3
>
= 4
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Figure 6. XRD patterns of SPCC-based electro-galvanized steel after 336 h of static immersion in the CPO-derived
hybrid coolant, showing dominant metallic Zn and Fe phases and the absence of detectable crystalline iron corrosion
products

3.5.  Comparison with previous studies

The corrosion behavior observed in the present study is consistent with that reported for carbon steel
exposed to relatively mild bio-based or organic fluid environments. As summarized in Table 3, several studies
have shown that under non-aggressive conditions, mass loss may remain below gravimetric detection limits,
even after prolonged exposure. Kugelmeier et al. [20] reported no measurable mass loss for carbon steel
immersed in biodiesel-petrodiesel blends (B7—B30) after 2160 h at 50 °C, with SEM observations indicating
only minor surface changes and no formation of thick corrosion layers. A similar trend was observed in the
present study, where the SPCC-based electro-galvanized steel exhibited no measurable mass loss after 336
h of static immersion, and SEM—-EDS analysis confirmed the persistence of a Zn-dominated surface without
the formation of Fe-rich oxide.

In contrast, studies conducted under chemically aggressive bio-based environments consistently report
significant corrosion rates and pronounced surface degradation. Wang and Liu [21] documented corrosion
rates exceeding 1 mm-year™ for carbon steel exposed to raw bio-oil and bio-oil-methanol mixtures at 50°C,
where SEM revealed uniform corrosion and thick corrosion layers, and XRD identified iron-oxide phases.
More severe corrosion was reported by Andari et al. [23], who observed corrosion rates above 10 mm-year™
for carbon and low-alloy steels immersed in acidic vegetable oils and fatty acid-rich media.
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Table 3. Comparison of the corrosion behavior of metallic materials exposed to various aggressive and bio-based environments, including chloride solutions, biodiesel, bio-oil systems,
circulating cooling water, and the CPO-derived hybrid coolant investigated in the present study. The table summarizes the test conditions, exposure durations, surface and phase
characterization results, and reported corrosion rates.

i Test Duration / i i
No. Aut{l{(;l;l(rs) & Tested Material(s) Cm;/loes(;(i);:e“ Exposure Time SEM / SEM-EDS Findings XRD Findings Cgl(;l;‘(:'f)l;)iﬁr?(?)t:t/c(l)\;lr?em
1 Solehudinet  Carbon steel with Zn A NaCl solution (1-5 Up to 720 h (30 ZnAl showed smoother surface, ~ Not reported Zn: ~7.89 um-y™'; ZnAl:
al. (2025)[1]  and ZnAl coatings wt.%) days) fewer pits (<300 nm), stable ~1.03 pym-y!
morphology; Zn showed white
rust and deeper pits
2 Wang & Liu, Carbon steel Raw bio-oil and bio- 168 h (7 days) at Severe uniform corrosion; thick  Iron-oxide phases >1 mm-year ' at 50 °C
2024 [21] oil-methanol 50°C corrosion layers observed detected
mixtures
3 Balci, 2024 Ni20Ti50Sn30 alloy Simulated body fluid 14 days SEM-EDS confirmed formation B2, B19’, Ti2Ni, 2.16 x 10™* mm-year™’
[25] (SBF) of protective TiO: layer TiNiSn phases (very high corrosion
identified resistance)
4  Kugelmeier et Carbon steel Biodiesel-petrodiesel 2160 h (90 days) Minor surface changes; no Not reported No measurable mass loss
al., 2022 [20] blends (B7-B30) at 50°C severe corrosion layers after 2160 h at 50 °C
5 Yangetal, Carbon steel (20# steel)  Circulating cooling 90 days Not reported Not reported 0.01552-0.03589
2021 [22] water (with aeration mm-year
and microbial
activity)
6 Andarictal AISI 1018 carbon steel,  Vegetable oils, waste . . Carbon and lgw-alloy .
2022 [23] . 168-720 h at Uniform corrosion and severe steels: very high corrosion
A387 Grll low-alloy oils, PFAD, TOFA, . . . g
steel, AISI 316L DTO, and oleic-acid elevated metal dlssol}ltlon observed in Not reported rates (>10 mm-year );
. . temperature high-FFA oils AISI 316L: negligible
stainless steel model mixtures .
corrosion
7 Jinetal, Carbon steel Palm biodiesel NR SEM showed corrosion products  Not reported Detectable corrosion due
2015 [19] and surface deposits to FFA and water content
8 Huetal, Magnesium, aluminum,  Biodiesel (rapeseed NR SEM revealed localized Not reported Measurable corrosion
2011 [24] carbon steel oil-methanol) corrosion and surface influenced by acidity and
roughening impurities
9  Presentstudy SPCC-based electro- CPO-derived hybrid 336 h (14 days) at SEM-EDS showed intact No corrosion- No measurable mass loss;

galvanized steel (SECC,

coolant (water—

room temperature,

surface morphology dominated

induced crystalline

corrosion rate = 0

Zn-coated) propylene glycol— static condition by Zn; no Fe-rich oxide layers, phases detected; no mm-year' (within
glycerol-CPO pitting corrosion, or coating Fe-oxide phases gravimetric detection
additive) delamination detected observed limit)
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Intermediate corrosion behavior has been reported in biodiesel systems containing varying levels of
impurities. Hu et al. [24] observed measurable corrosion and localized surface roughening on magnesium,
aluminum, and carbon steel exposed to rapeseed-oil-based biodiesel, while Jin et al. [19] reported the
formation of corrosion products and surface deposits on carbon steel immersed in palm biodiesel. In both
cases, corrosion was primarily attributed to the presence of free fatty acids, water, and oxidation byproducts
rather than the bulk fuel itself. These findings indicate that corrosion in bio-based fluids is often governed
by minor reactive species and environmental aggressiveness rather than the base fluid composition alone.

Compared to these biodiesel and bio-oil systems, the CPO-derived hybrid coolant investigated in this
study represents a significantly milder environment. The neutral aqueous phase, controlled organic
composition, and absence of highly acidic components suppressed the corrosion-driving electrochemical
reactions. The preservation of the zinc coating and the absence of measurable mass loss indicate superior
material compatibility between the hybrid coolant and SPCC-based electro-galvanized steel under static
conditions. This comparison confirmed that the formulated coolant provided a chemically stable environment
during short-term exposure, whereas long-term and dynamic condition evaluations are required for a
comprehensive durability assessment.

4. Conclusion

This study evaluated the corrosion behavior of SPCC-based electro-galvanized steel immersed in a
crude palm oil (CPO)-derived hybrid coolant under static room-temperature conditions using mass-loss
measurements, SEM—EDS surface analysis, and X-ray diffraction (XRD). No measurable mass loss was
detected after 336 h of immersion, corresponding to a corrosion rate of approximately 0 mm-year™ within
the gravimetric detection limit. SEM—-EDS results showed that the steel surface remained predominantly
zinc-rich (up to ~80.5 wt.%) with low oxygen content (~2 wt.%), and no evidence of Fe-rich oxide formation,
pitting corrosion, or coating delamination, while XRD patterns were dominated by metallic Zn and Fe
reflections at 26 = 44.6°, 65.2°, and 82.38°, with no detectable crystalline iron corrosion products such as
hematite, magnetite, or goethite. The favorable corrosion performance is attributed to the chemically stable
coolant composition, as confirmed by GC—MS analysis in which three major constituents accounted for
~99.25% of the total chromatographic area, together with the mild exposure conditions, including a neutral
aqueous phase, controlled organic composition, ambient temperature, and limited oxygen availability.
Overall, the combined findings demonstrate that the CPO-derived hybrid coolant exhibits good short-term
corrosion compatibility with SPCC-based electro-galvanized steel under static conditions, although further
validation under long-term exposure, dynamic flow, and elevated-temperature conditions is required for
practical automotive and industrial applications.
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