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Limited research exists on the passivation film of anionic waterborne polyurethane resin, particularly regarding strategies to en-
hance its performance. This study investigates the influence of the wax emulsion’s particle size and concentration on the struc-
ture, interfacial behavior, corrosion resistance, friction resistance, and adhesion properties of the passivation film. Findings re-
veal that using a 450-nm wax-emulsion particle size and a 2 % addition yield a composite passivation film characterized by a
high surface gloss, low roughness, and exceptional friction resistance. Notably, while maintaining adhesion, the corrosion resis-
tance is improved, thereby enhancing the overall performance of the passivation film. This research sheds light on the effects of
wax emulsion on the performance of passivation films, providing valuable insights for optimizing anionic waterborne polyure-
thane-resin passivation films in future studies.

Keywords: chromium-free fingerprint-resistant passivation film, hot-dip aluminum-zinc plating, Anionic waterborne polyure-
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Dosedanjih raziskav o pasivacijskih prevlekah na osnovi anionske poliuretanske smole na vodni osnovi je relativno malo, zlasti
glede strategij za izboljsanje njene ucinkovitosti. V tem ¢lanku avtorji zato predstavljajo Studijo, ki je preucevala vpliv velikosti
in koncentracije delcev voScene emulzije na strukturo, medfazno obnaSanje, korozijsko odpornost, odpornost proti trenju in
adhezijske lastnosti pasivacijskih filmov. Ugotovitve $tudije so pokazale, da uporaba delcev vo$cene emulzije velikosti 450 nm
in 2-odstotnega dodatka dajejo kompozitni pasivacijski flim, za katerega so znacilni visok povrSinski sijaj, majhna hrapavost in
izjemna odpornost proti trenju. Poleg tega avtorji povdarjajo, da se ob ohranjanju adhezije znatno izboljSa korozijska odpornost,
s ¢imer se je izboljSala tudi njegova splosna ucinkovitost. S to raziskavo so avtorji za bodoce raziskave na tem podroc¢ju pojasnili
ucinke voscene emulzije na ucinkovitost pasivacijskih filmov in predstavili dragocene napotke za optimizacijo anionskih
pasivacijskih filmov iz poliuretanske smole na vodni osnovi.

Kljuc¢ne besede: pasivizacijska prevleka brez kroma odporna na prstne odtise, vroce potaplanje, aluminijasto-cinkova prevleka,
anionska poliuretanska smola na vodni osnovi, vos¢ena emulzija
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1 INTRODUCTION

The stringent enforcement of global environmental
regulations and the increasing adoption of sustainable
development principles have led to restrictions or a dis-
continuation of the chromate-passivation process in tra-
ditional metal surface treatments due to its high toxicity
and environmental impact.'** Consequently, the develop-
ment of effective, eco-friendly, chromium-free passiv-
ation technologies has emerged as a crucial research fo-
cus in metal protection.’® Water-borne polyurethane
resins are widely used in various applications, including
biomedical uses, glass-fiber sizing, adhesives, automo-
tive finishes, passivation films, and other coatings, due to
their exceptional adhesion, abrasion resistance and versa-
tility.!>!3 Specifically, anionic waterborne polyurethane
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resins can form a stable bond with metal substrates via
electrostatic interactions mediated by carboxylate or
sulfonate groups in their molecular structure. These res-
ins also confer the coating with excellent hydrolysis re-
sistance and mechanical strength, making them ideal for
developing fingerprint-resistant passivation films.'4-!7
Nonetheless, stand-alone water-borne polyurethane coat-
ings encounter challenges such as fingerprint residues,
inadequate anti-fouling properties, and limited long-term
corrosion resistance, necessitating urgent functional
modifications to enhance performance.

In recent years, advances have been made in enhanc-
ing the overall efficacy of chromium-free passivation
films through the incorporation of nanomaterials,
organosilanes, and polymer composite coatings, among
other innovations.'8-2> Wax emulsions have emerged as a
notable focus in this area owing to their distinctive phys-
ical and chemical attributes. Serving as eco-friendly
functional additives, wax emulsions exhibit the potential
for chromium-free passivation systems.?? Upon curing,
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they facilitate the formation of a low-surface-energy, hy-
drophobic film layer, effectively impeding the adhesion
and diffusion of fingerprint oils. Simultaneously, they re-
tard the ingress of corrosive agents through a physical
barrier mechanism.?#> A significant synergistic interac-
tion is observed between an anionic waterborne polyure-
thane resin and a wax emulsion. The anionic groups
within the polyurethane molecular structure stabilize the
wax emulsion dispersion system via electrostatic interac-
tions, thereby preventing the aggregation of nanowax
particles.?

Furthermore, the incorporation of a wax emulsion
helps fill the minute pores in the cross-linked polyure-
thane network, thereby enhancing the compactness of the
passivation film. By judiciously selecting wax varieties
with favorable compatibility with polyurethane, such as
oxidized polyethylene wax and Fischer-Tropsch wax,
and by controlling the particle-size distribution of the
emulsion during curing, the surface morphology and dy-
namic hydrophobic properties of the coating can be fur-
ther fine-tuned. This optimization strategy enables the
concurrent enhancement of fingerprint resistance and
corrosion resistance.

Research on wax-emulsion-modified anionic water-
borne polyurethane passivation films has shown initial
progress, yet challenges remain for industrial implemen-
tation. Balancing the hydrophobicity and coating adhe-
sion of a wax emulsion is challenging, as excessive
amounts can weaken interfacial bonding. The molecular
structure of anionic polyurethane, including the ratios of
hard and soft segments and the hydrophilic group con-
tent, influences the dispersion stability of wax emulsions
and the film uniformity. However, there is a lack of sys-
tematic research on the structure-activity relationship.
This study addresses these issues by examining the com-
posite system comprising an anionic waterborne polyure-
thane resin and a wax emulsion. It systematically investi-
gates the functional role of the wax emulsion in
chromium-free fingerprint-resistant passivation films, ex-
plores its synergistic mechanisms with the passivation
system, and assesses its effects on corrosion resistance,
fingerprint resistance, and the coating’s mechanical
properties. The aim is to offer a theoretical foundation
and technical backing for developing environmentally
friendly, high-performance metal protective coatings.

2 EXPERIMENTAL PART
2.1 Experimental materials

The experimental substrates used were DC53D+AZ
hot-dip aluminum-zinc-coated carbon steel sheets, manu-
factured by the Carbon Steel Sheet Plant of Hongxing
Iron and Steel Co., Ltd., Jiuquan Iron and Steel (Group)
Co., Ltd., with a thickness of 1 mm. These substrates
were laser-cut into 100 mm x 70 mm x 1 mm specimens
and subsequently deburred. Following activation through
acetone immersion, rinsing with distilled water, and dry-
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ing with absorbent cotton, the specimens were prepared
for further analysis. The waterborne polyurethane resin
(PU-4001) was sourced from Hefei Puqing New Material
Technology Co., Ltd. The surfactant (FS-660) was ob-
tained from Tianjin Hepufeile New Material Co., Ltd.
Waterborne wax emulsions (GA-1806, GA-2000,
GT-3360) were procured from Foshan Wengkai’er
Trading Co., Ltd., with all other reagents meeting analyt-
ical grade standards.

2.2 Experimental methods

The waterborne polyurethane resin was thinned in a
1:1 ratio and combined with a surfactant and wax emul-
sions. Following 10 min of ultrasonic treatment at room
temperature, a composite passivation solution was pro-
duced. Three wax emulsions with different particle sizes
were chosen. Subsequently, the passivation solution was
evenly applied onto the substrate surface using a wire
rod coater. The thickness of the dry passivation layer was
adjusted to fall within the range of 0.8-1.2 g/m?, corre-
sponding to a physical film thickness of approximately
1 pum. Lastly, the coated substrate was dried at 190 °C for
2 min to prepare it for utilization.

To investigate the composition and microstructure of
the wax emulsion and passivation film, the wax emulsion
was dried in a freeze dryer (DY YB-10, Shanghai Deyang
Yibang Instrument Co., Ltd.), ground into powder, and
analyzed by infrared spectroscopy using an IS5 spec-
trometer (Thermo Fisher Scientific) to identify its com-
ponents. The passivation film was analyzed by X-ray
photoelectron spectroscopy using an ESCALAB 250Xi
spectrometer (Thermo Fisher Scientific, USA) equipped
with an Al-Ka X-ray source (1486.68 eV). The surface
morphology of the composite passivation film was ana-
lyzed using a field emission scanning electron micro-
scope (Sigma 300, Zeiss, Germany).

To assess the impact of wax emulsion on the interfa-
cial behavior of the passivation film, we employed a con-
tact angle tester (SZ-CAMC33, Shanghai Xuanhuai In-
strument Co., Ltd.) to quantify the contact angle of the
passivated metal sample. Surface gloss was determined
using a gloss meter (LS195, Shenzhen Linshang Tech-
nology Co., Ltd.), while surface roughness was analyzed
with a laser confocal microscope (OLS500, Olympus
Corporation, Japan). The combined analysis of contact
angle, gloss, and surface roughness provided a compre-
hensive evaluation of the effect of wax emulsion on the
passivation film’s surface characteristics.

To assess the impact of wax emulsions on the corro-
sion resistance of passivation films, we conducted a
72-hour neutral salt-spray test on samples in a salt-spray
chamber (LYW-015, Shanghai Yiheng Scientific Instru-
ment Co., Ltd.) following the national standard "Corro-
sion tests in artificial atmospheres — Salt spray tests"
(GB/T 10125-2012). This evaluation aimed to compare
the corrosion resistance of samples coated with wax
emulsions varying in particle sizes and concentrations.
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The salt-spray test maintained a temperature of 35 +
2 °C, a humidity of 95 %, a salt spray settling rate of
1-2  mL/(h-cm?), and a nozzle pressure of
48.3-148.2 kPa. An electrochemical workstation (Ivium
Vertex, Tianjin Deshang Technology Co., Ltd.) was em-
ployed to analyze the electrochemical properties of the
passivation films. The setup included a platinum auxil-
iary electrode, a saturated calomel reference electrode,
and a hot-dip aluminized zinc carbon-steel sheet sample
with a passivation film as the working electrode. The
electrolyte used was 3.5 w/% NaCl, and the test tempera-
ture remained constant at 25 °C, with a sample surface
area of 1 cm?. For the electrochemical impedance test,
the initial potential corresponded to the passivation
film’s stable open-circuit potential. The test frequency
range spanned from 10! Hz to 105 Hz, with a sinusoidal
excitation signal of 10 mA, and a scanning rate of 1
mV/s for the polarization curve.

To assess the impact of the wax emulsion on the ad-
hesion of the passivation film, a paint sprayer (F-75G,
China Delixi Electric Co., Ltd.) was utilized to uni-
formly apply Hardtop WF water-borne polyurethane top-
coat (6DX) onto the passivation film’s surface. Subse-
quently, the coating resistance of the passivation film
was evaluated in accordance with the national standard
GB/T 9286-2021, "Paints and varnishes — Cross-cut
test," after the paint had air-dried. A clean cotton ball
was then moistened with a small quantity of Vaseline and
evenly spread over half of the sample surface. After
30 min, the Vaseline was removed using a clean cotton
ball. The fingerprint resistance of the passivation film
was assessed following national standards GB/T
11186.2-1989 "Methods for measurement of film color —
Part 2: Color measurement" and GB/T 11186.3-1989
"Methods for measurement of film color — Part 3: Calcu-
lation of color difference." The impact of the wax emul-
sion on the adhesion of the passivation film was compre-
hensively evaluated based on its coating resistance and
fingerprint resistance.

To assess the impact of the wax emulsion on the fric-
tion resistance of the passivation film, we employed a
high-speed ring-block wear tester (MRH-3A, Jinan
Yihua Tribology Testing Technology Co., Ltd.) to per-
form friction resistance testing on passivation film-
coated samples. Test conditions included a 30-N load, a
rotation speed of 30 min~!, and a temperature of 25 °C.
The influence of the wax emulsion on the friction resis-
tance of the passivation film was determined by analyz-
ing variations in the friction coefficient.

3 RESULTS AND DISCUSSION
3.1 Structural characterization of passivation film

This investigation examines the impact of three wax
emulsions, namely GA-1806, GA-2000, and GT-3360,
each characterized by distinct particle sizes, on diverse
properties of the passivation film. Figure 1a illustrates
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the schematic representation of the passivation film after
the incorporation of the wax emulsion. The spherical
morphology of the paraffin particles confers favorable
dispersibility and mechanical properties to the emulsion,
thereby laying the groundwork for enhancing the perfor-
mance of the passivation film. Varied particle sizes of
paraffin particles engender channels with uneven spacing
on both the surface and within the passivation film. Ow-
ing to paraffin’s hydrophobic nature and poor compati-
bility with polyurethane, these particles migrate towards
the film’s surface throughout the film-forming process,
resulting in a distinctive pattern characterized by enrich-
ment on the surface layer and sparsity inside. The parti-
cle size of the wax emulsion profoundly influences its
dispersion within the polyurethane resin. Optimal parti-
cle size selection is crucial for achieving a balance be-
tween dispersion uniformity and stability, thereby influ-
encing factors such as corrosion resistance, friction
resistance, and the adhesion of the passivation film.

Three distinct wax emulsions, namely GA-1806,
GA-2000, and GT-3360, were diluted 100-fold with
deionized water, and their particle sizes were assessed
using a nano laser particle-size analyzer. The findings are
depicted in Figure 1c-1e. The data reveal that the mean
particle sizes of GA-1806, GA-2000, and GT-3360 are
608.16 nm, 445.31 nm, and 355.3 nm, respectively, and
exhibit typical distributions. The spans for GA-1806,
GA-2000, and GT-3360 are approximately 1.62, 1.14,
and 0.67, respectively. Notably, there is a gradual reduc-
tion in particle-size dispersion across the samples, lead-
ing to improved particle-size uniformity.

Figure 1b displays the infrared spectra of the stan-
dard wax emulsion GA-2000 and pure paraffin. Both
spectra exhibit prominent absorption peaks at 2920 cm!
and 2850 cm™!, indicative of a saturated alkane frame-
work. Additionally, absorption peaks at approximately
1460 cm™ and 1370 cm™' confirm the presence of satu-
rated alkane structures in both samples. The characteris-
tic absorption peak at 720 cm™, typical of long-chain al-
kanes, is consistent with the paraffin composition in both
spectra. Notably, the infrared spectrum of GA-2000 re-
veals a distinct stretching vibration peak at 1115 cm™!
corresponding to C-O-C, suggesting the incorporation of
a non-ionic emulsifier during its preparation.?’” This
emulsifier facilitates the interaction between the alkyl
portion of paraffin and the oxyethylene ether bond, lead-
ing to the formation of an amphiphilic cooperative struc-
ture. In this structure, the hydrophobic end anchors the
paraffin while the hydrophilic end interfaces with the
aqueous phase. This transformation renders the paraffin
hydrophilic and stably dispersible, enhancing its stability
and compatibility without compromising its original
properties.

The surfaces of dispersed particles of anionic
waterborne polyurethane resin typically bear anionic
groups, such as carboxyl and sulfonic acid groups. In
contrast, wax emulsions utilize non-ionic emulsifiers, re-
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sulting in neutral or weakly negative surface charges on
the paraffin particles. Consequently, the electrostatic re-
pulsion between the paraffin particles and the anionic
polyurethane is minimal, facilitating enhanced particle
adsorption through other forces. Paraffin, a low-polarity
long-chain alkane, exhibits a stark polarity contrast with
the polar group-containing molecular chains of anionic
polyurethane. Nevertheless, in the aqueous dispersion of
polyurethane, the hydrophilic groups on particle surfaces
can attract polyoxyethylene chains from the non-ionic
emulsifier in the wax emulsion via hydrogen bonding or
dipole interactions. The polyoxyethylene chains of the
non-ionic emulsifier can establish hydrogen bonds with
the polar groups of polyurethane, with the hydrophobic
end anchoring the wax particles, thereby reducing the in-
terfacial energy, enhancing the compatibility, and stabi-
lizing the mixed system. Additionally, dispersion forces
operate between the molecular segments of the wax and
polyurethane particles, particularly when the paraffin
carbon chain’s length aligns with the polyurethane soft
segment, resulting in closer intermolecular contact and
stronger interactions.

The microstructure of the passivation film was exam-
ined using a field-emission scanning electron micro-
scope. Figures 2a and 2b present low-magnification
SEM images of samples coated with a resin-based
passivation film and a wax-emulsion composite
passivation film, respectively. Both surfaces exhibit a
uniform reticular structure. Figures 2¢ and 2d show
high-magnification SEM images. As shown in Fig-

ure 2¢, the resin passivation film develops numerous
cracks after high-temperature drying, potentially provid-
ing pathways for corrosive media to penetrate and attack
the underlying carbon steel substrate.

In contrast, when wax emulsion is incorporated, par-
affin particles effectively fill these cracks, resulting in a
significantly denser film structure, as illustrated in Fig-
ure 2d. The elimination of cracks enhances the barrier
properties of the passivation film against the corrosive
species, thereby improving its corrosion resistance. Fur-
thermore, the presence of paraffin particles on the sur-
face enhances the wear resistance and imparts a degree
of self-healing to the passivation film.

To further analyze the chemical composition and mo-
lecular structure of the passivation film, full-spectrum
X-ray photoelectron spectroscopy (XPS) was performed
on the passivation film treated with the standard wax
emulsion GA-2000. The results, depicted in Figure 3a
and summarized in Table 1, reveal that the passivation
film predominantly comprises carbon (C), oxygen (O),
nitrogen (N), and silicon (Si), constituting atomic per-
centages of 58.46 %, 37.46 %, 2.64 %, and 1.44 %, re-
spectively. The carbon component primarily originates
from the carbon chains in the polyurethane resin and par-
affin wax. The oxygen is derived from the non-ionic
emulsifier within the wax emulsion and anionic groups
like carboxyl groups in the polyurethane resin. Nitrogen
and silicon are sourced mainly from the isocyanate in the
polyurethane resin and the organic wax silicon in the
wax emulsion.
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Figure 1: Structural characterization diagrams of wax emulsion: a) Schematic representation of the passivation film structure; b) Fourier-trans-
form infrared spectroscopy (FT-IR) spectra comparing paraffin with the wax emulsion; and c)-e) Particle size distribution profiles for GA-1806,

GA-2000, and GT-3360, respectively.
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Figure 2: SEM results of passivation films: a) and c) are samples with resin-coated passivation films; b) and d) are samples with wax emulsion
composite passivation films
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Figure 3: XPS spectra of the passivation film: a) Full XPS spectrum; b) High-resolution Cls orbital XPS spectrum; c¢) High-resolution Ols or-
bital XPS spectrum; d) High-resolution N1s orbital spectrum; e) High-resolution Si2p orbital XPS spectrum.
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Table 1: Major elements detected in the passivation film via X-ray
photoelectron spectroscopy

C O N Si
Binding energy (eV)| 285.13 | 532.87 | 399.97 | 102.39
Atomic conc. (%) 58.46 37.46 2.64 1.44
Mass conc. (%) 50.92 43.46 2.68 2.94

To analyze the chemical states of various elements in
the passivation film, high-resolution scanning was con-
ducted to examine the chemical states of multiple ele-
ments (C, O, N, and Si) within the passivation film. The
fitting process used the Gaussian/Lorentzian least-
squares Shirley background-subtraction method. The
outcomes are depicted in Figures 3b-3e.

Figure 3b depicts the high-resolution X-ray photo-
electron spectroscopy (XPS) analysis of the Cls orbital
within the passivation film, revealing four discernible
peaks. Specifically, the peak at 284.6 eV corresponds to
the C-C/C-H bond, 286.2 eV to the C-O bond, 285.3 eV
to the C-N bond, and 289.6 eV to the C=0 bond.?® These
findings suggest that carbon within the passivation film
predominantly exists in the forms of C-C/C-H, C-O,
C-N, and C=0. The presence of C-C and C-H bonds is
attributed to the paraffin structure of the wax emulsion
and to the polyurethane resin’s carbon-chain structure.
At the same time, C-O and C=0 are primarily derived
from the anionic groups present in the waterborne poly-
urethane resin.

Figure 3c displays the high-resolution X-ray photo-
electron spectroscopy (XPS) spectrum of the Ols orbital
within the passivation film. The peak at 533.7 eV corre-
sponds to the C-O/Si-O bond, while the peak at 532.2 eV
corresponds to the C=0 bond.?* Oxygen within the com-
posite passivation film is present in the forms of
C-0/Si-O and C=O, primarily originating from the
non-ionic emulsifier in the wax emulsion and the anionic
groups in the waterborne polyurethane resin.

Figure 3d displays the high-resolution X-ray photo-
electron spectroscopy (XPS) spectrum of the N1s orbital
within the passivation film. The peaks at 399.6 eV and

400.3 eV are attributed to C-N and N-H bonds, respec-
tively.’® This suggests that nitrogen in the composite
passivation film is present in the C-N and N-H forms,
primarily originating from the isocyanate and chain-ex-
tender components in the waterborne polyurethane.

Figure 3e displays the high-resolution X-ray photo-
electron spectroscopy (XPS) spectrum of the Si2p orbital
within the passivation film. This spectrum reveals two
distinct peaks at 102.2 eV and 103.1 eV, attributed to the
Si-C and Si-O bonds, respectively.’! These findings sug-
gest that silicon within the composite passivation film
predominantly exists in the Si-C and Si-O forms, origi-
nating primarily from the organic wax silicon present in
the wax emulsion.

3.2 Influence of wax emulsion on the interfacial be-
havior of passivation film

The gloss and surface roughness of metal samples
coated with a composite passivation film were analyzed,
as shown in Figures 4a and 4b. Incorporating wax emul-
sion can effectively fill surface defects in the passivation
film, such as gaps, cracks, and pits. However, the
wax-emulsion particles do not chemically react with the
galvanized layer, but are instead dispersed on the film’s
surface and within it.>> The size of the wax-emulsion
particles influences the gloss and surface roughness of
the passivation film. Increasing the amount of wax emul-
sion leads to a higher surface roughness of the composite
passivation film, as illustrated in Figure 4a. Specifically,
at a 1 % wax emulsion addition rate, the composite
passivation film with GT-3360 wax emulsion has the
highest surface roughness.

In contrast, films with GA-2000 and GA-1806 wax
emulsions exhibit relatively lower and similar roughness
levels. The smaller paraffin particle size in GT-3360 wax
emulsion results in a higher number of semi-embedded
particles on the polyurethane resin film’s surface,
thereby increasing the roughness. In contrast, the larger
paraffin particles in GA-2000 and GA-1806 wax emul-
sions yield a moderate number of embedded particles
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Figure 4: Effects of wax emulsions on the surface condition of the passivation film: a) depicts the changes in surface roughness based on the type
and quantity of wax emulsions added; b) shows the alterations in gloss levels corresponding to different types and quantities of wax emulsions;
and c) displays the variations in contact angle as influenced by the type and quantity of wax emulsions.
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within the polyurethane resin film, exerting less influ-
ence on surface morphology and resulting in a lower sur-
face roughness. As the addition rate increases, more par-
affin particles become semi-embedded on the film’s
surface, consequently elevating the surface roughness.
Moreover, the surface roughnesses of the samples coated
with the composite passivation film are notably lower
than that of bare plates lacking the passivation film. This
reduction in roughness is attributed to the passivation
film filling surface pits on the bare plates, thereby en-
hancing the surface smoothness. Gloss reflects the inten-
sity of light’s diffuse reflection on an object’s surface.
Higher gloss indicates a stronger diffuse reflection, re-
sembling a mirror effect. Conversely, lower gloss signi-
fies weaker diffuse reflection. Surface gloss is influenced
by the physical and chemical properties of the
passivation film and by the surface roughness. When sur-
face roughness exceeds the incident light’s wavelength,
diffuse reflection intensifies alongside the specular re-
flection, reducing gloss. The relationship between sur-
face gloss and surface roughness is inversely propor-
tional, as observed in Figure 4b, underscoring the
adverse impact of the surface roughness on gloss. Coated
samples exhibit significantly lower surface gloss than
bare plates due to the stronger surface diffuse reflection
of light on metals compared to that on the organic
passivation film layer. Consequently, applying the com-
posite passivation film weakens the surface diffuse re-
flection, resulting in decreased gloss.

The impact of a composite passivation film on the
contact angle of the metal samples was examined, as de-
picted in Figure 4c¢. The introduction of a wax emulsion
was found to increase the contact angle of the passivated
surface, reduce surface tension, and shorten the duration
of corrosive droplets on the film surface.** Contact an-
gles across all samples increased proportionally with in-
creasing wax-emulsion concentration, attributed to the
pronounced hydrophobicity of the alkyl carbon chains in
the paraffin particles. Notably, the passivation film
treated with GT-3360 wax emulsion exhibited the high-
est surface contact angle, while that treated with
GA-2000 wax emulsion displayed the lowest, with
GA-1806 wax emulsion falling in between. The contact
angle exhibited an inverse relationship with both the
quantity and size of wax emulsion particles. It was influ-
enced by the presence of semi-embedded particles on the
surface of the polyurethane resin film. Specifically, at
identical concentrations, the passivation film treated with
the GT-3360 wax emulsion (with the smallest particle
size) exhibited the highest number of paraffin particles,
resulting in enhanced hydrophobicity and a higher con-
tact angle. Moreover, increasing the amount of wax
emulsion led to a greater number of semi-embedded par-
affin particles on the polyurethane resin surface, further
elevating the contact angle. The contact angle serves as a
direct indicator of the passivation film’s surface energy.
Excessively high contact angles may intensify the sur-
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face hydrophobicity, potentially leading to coating
detachment from the metal substrate due to inadequate
adhesion and thereby compromising corrosion resis-
tance. Conversely, excessively low contact angles may
heighten the risk of corrosion medium infiltration owing
to excessive surface hydrophilicity.

3.3 Influence of wax emulsion on the corrosion resis-
tance of passivation film

A 72-hour neutral salt-spray test was conducted on
samples coated with polyurethane passivation films con-
taining wax emulsions of varying particle sizes, as de-
picted in Figure 5. The incorporation of a wax emulsion
seals micronano defects within the coating, imparting
hydrophobicity that reduces the interaction between cor-
rosive droplets and the coating surface, thereby enhanc-
ing its corrosion resistance.**¢ A comparison of Figures
Sa-5f reveals a notable improvement in corrosion resis-
tance in samples coated with a composite passivation
film containing 2 % GA-2000 wax emulsion, as opposed
to those coated with polyurethane passivation film lack-
ing wax emulsion. Specifically, the corrosion area de-
creased significantly from 19.26 % to 1.45 %. Metallo-
graphic images show that after the post-salt-spray test,
the sample coated with a wax-free polyurethane passiv-
ation film exhibited extensive surface corrosion, includ-
ing bottomless pits, covering 42.31 % of the observed
area (Figure 5b).

In contrast, the sample coated with the composite
passivation film displayed shallow pitting corrosion, cov-
ering only 7.81 % of the observed area (Figure 5e). La-
ser confocal microscopy images of the samples show
substantial corrosion product accumulation on the
wax-free polyurethane-coated sample post-test, with a
stack height of approximately 3.878 pum (Figure Sc).
Conversely, the composite passivation film-coated sam-
ple exhibited minimal pitting corrosion and significantly
reduced corrosion depth (Figure 5f), indicating im-
proved corrosion resistance. Figure 5 demonstrates the
impact of the wax-emulsion particle size and quantity on
the sample’s corrosion resistance. Notably, passivation
films containing the GT-3360 wax emulsion exhibited
the highest corrosion resistance, owing to the smaller
paraffin particle size in GT-3360, which effectively im-
pedes the penetration of corrosive liquids into the film.
The corrosion resistance initially decreases and then in-
creases with increasing wax emulsion quantity. Samples
coated with a composite passivation film containing 2 %
GA-2000 wax emulsion demonstrated optimal corrosion
resistance, closely approaching that of films with the
same amount of GT-3360 wax emulsion. Films contain-
ing GT-3360 and GA-1806 wax emulsions displayed
peak corrosion resistance at a 3 % addition rate. Exces-
sive addition of wax emulsion may lead to uneven dis-
persion of paraffin particles within the polyurethane
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Figure 5: Results of salt spray test: a), b), and c) are the optical photos, metallographic photos, and 3D surface morphology diagrams of the
coated resin passivation film samples after salt spray; d), e), and f) are the optical photos, metallographic photos, and 3D surface morphology dia-
grams of the coated samples with added GA-2000 composite passivation film after salt spray; g) is the salt-spray test result diagram.

resin, resulting in particle aggregation and, subsequently,
affecting sample corrosion resistance.

Impedance and Tafel curve analyses were performed
on both the bare carbon steel plate and samples coated
with composite passivation films containing a consistent
2 % wax emulsion. The test findings are presented in
Figure 6. The arc diameter in the impedance spectrum
corresponds to the charge transfer resistance (R.), with a
larger diameter indicating higher corrosion resistance of
the respective sample. Notably, a single arc is observed
in the impedance spectrum of the specimen coated with
the composite passivation film, suggesting a uniform and
defect-free passivation film. The arc radius of the
passivation film-coated specimen surpasses that of the

2500 B Carbon steel plate
(a) #  Resin passivation film
® Passivation film containing GA-1806
2000 - A Passivation film containing GA-2000
v Passivation film containing GT-3360
~1 +
g 500
¥ 1000}
vVYVVvy
500 M'ALL“““.“' .
0 1 I "\
0 500 1000 1500 2000 2500
7' (Q)

bare carbon steel plate, with the largest arc radius ob-
served for the passivation film incorporating GT-3360
wax emulsion, signifying a substantial enhancement in
corrosion resistance upon wax-emulsion addition. The
passivation film containing the GT-3360 wax emulsion
exhibits the best corrosion resistance (Figure 6a).In the
Tafel curve analysis, a positive shift in corrosion poten-
tial is observed for specimens coated with the passivation
film compared to bare carbon steel. The self-corrosion
current density of the passivation film incorporating
GT-3360 wax emulsion is the lowest, with self-corrosion
potential and current density values of —0.946 V and
3.17x10° A-cm™, respectively. Notably, at a 2 % wax
emulsion content, GT-3360 demonstrates commendable
corrosion resistance and a reduced corrosion rate, consis-
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Figure 6: Electrochemical test results: a) EIS curves of samples coated with different composite passivation films; b) Tafel curves of samples

coated with different composite passivation films

278

Materiali in tehnologije / Materials and technology 60 (2026) 2, 271-282



Z. ZHANG et al.: THE EFFECT OF WAX EMULSION ON THE PERFORMANCE OF CHROMIUM-FREE ...

10 =
~—=— Passivation film containing GA-1806|
9+ (g) e Passiv l:ion film ﬂ"l:lill"l: G:-lm
~=— Passivation film containing GT-3360)
S 8+ = = -carbon steel plate
é 7t -« = = Resin passivation film
&
£
- 5t
F
£
2k
1F
0 L \ L L
1 2 3 4 5
Concentration of Wax emulsion (%)
80-085um 1.8 (h) ~=— Passivation film containing GA-1806|
~e— Passivation film containing GA-2000|
1.6+ —+— Passivation film containing GT-3360)
— = carbon steel plate
14} -+« - Resin passivation film
1.2t
=
<10
0.8
0.6
" ’ ‘ S 041
49.887p.m -89.993um i i i ; ;
2558.925um 0 2558.925pum ! @& 7 % B

Concentration of Wax emulsion (%)

Figure 7: Results of the bonding force test: a) and b) are the optical photos of the coated resin passivation film and the coated composite
passivation film with GA-2000 added samples for the paint resistance test; c) and d) are the low-magnification metallographic photos of the
coated resin passivation film and the coated composite passivation film with GA-2000 added samples for the paint resistance test; e) and f) are the
3D surface topography images of the coated resin passivation film and the coated composite passivation film with GA-2000 added samples for
the paint resistance test; g) is the paint resistance test result graph; h) is the fingerprint resistance test result graph.

tent with neutral salt spray test outcomes, further sup-
porting the efficacy of wax emulsion in enhancing the
passivation film’s corrosion resistance.

3.4 Effect of wax emulsion on the adhesion of passiv-
ation film

A paintability resistance test was conducted on the
passivation film, followed by observation of its surface
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and 3D surface morphologies. Figure 7 illustrates the re-
sults. Passivation films containing GA-2000 and
GA-1806 type wax emulsions demonstrated effective
paintability resistance, as shown in Figure 7g, with no
significant paint surface peeling observed after cross-cut
testing. Metallographic images and 3D surface morphol-
ogy analysis revealed uniform topcoat application and
intact cross-cut sections. Conversely, passivation films
incorporating GT-3360 exhibited poor paintability, with
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Figure 8: Influence of wax emulsion on the friction performance of the passivation film: a) The full friction test results for the samples coated
with resin passivation film; b) The friction resistance test results after coating the samples with different wax-emulsion passivation films.
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Table 2: Results of parallel friction resistance tests

Concentration of | Average Friction co- o Average Friction co- o Average Friction co- o
Wax Emulsion efficient/1806 efficient/2000 efficient/3360
1% 0.13341 0.00512 0.10775 0.00425 0.07533 0.00427
2 % 0.10632 0.00602 0.09596 0.00561 0.06763 0.00599
3% 0.07626 0.01031 0.07747 0.00513 0.05948 0.00616
4 % 0.05813 0.00587 0.07037 0.00528 0.05461 0.00546
5% 0.04824 0.00449 0.05069 0.00427 0.03654 0.00705

performance deteriorating as wax emulsion concentra-
tion increased. Notably, at concentrations exceeding 2 %,
extensive peeling of the topcoat occurred during
cross-cut testing, attributed to the presence of paraffin
particles in wax emulsions with smaller particle sizes, as
depicted in Figure 1a. These paraffin particles, located at
the passivation film-topcoat interface, reduce the surface
energy of the passivation film due to their hydrophobic
nature. Consequently, the bonding force between the
passivation film and the topcoat diminishes, thereby
compromising the passivation film’s paintability.

The fingerprint resistance of the passivation film was
evaluated, and the results are presented in Figure 7h. The
data indicate that the addition of a wax emulsion initially
reduces and then enhances the film’s overall fingerprint
resistance. Extreme particle sizes, either too large or too
small, intensify fingerprint adhesion. The medium-sized
GA-2000 achieves an optimal balance characterized by a
distribution that is dense but non-overloaded.

3.5 Effect of wax emulsion on the friction resistance of
the passivation film

Friction resistance tests were performed on passiv-
ation film-coated samples, with results depicted in Fig-
ure 8. In Figure 8a, the absence of wax emulsion is evi-
dent: the friction coefficient increased gradually over
time, with a notable shift at 900 s. This abrupt change
likely signifies complete wear-off of the passivation film,
leading to friction between the ring block and the metal
substrate and consequently a sharp rise in the friction co-
efficient. Before 900 s of friction, the experimental data
suggest that friction primarily occurred between the ring
block and the passivation film. During this period, the
friction coefficient curve remained relatively stable,
showing only marginal increments.

The experiments involved testing wax emulsions with
varying particle sizes and concentrations. The average
friction coefficient within the initial 600 s was desig-
nated as the passivation film’s friction coefficient, as de-
picted in Figure 8b. The findings reveal that upon the
addition of wax emulsion, the friction coefficients of all
passivation films were lower than those of the control
group. Moreover, a pattern emerged in which the friction
coefficient decreased as the concentration of the wax
emulsion increased. This occurrence can be attributed to
paraffin’s inherent lubricating properties. When formu-
lated into an emulsion, paraffin’s fluidity is enhanced.
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Within the passivation film, there is a degree of self-heal-
ing. During friction, the passivation film’s thickness in
the frictional region diminishes, prompting the
supplementation of paraffin particles from the surround-
ing areas to enhance friction resistance. Notably, a reduc-
tion in the friction coefficient was observed with de-
creasing wax emulsion particle size at equivalent
concentrations. This trend is likely due to the denser dis-
tribution of smaller paraffin particles on the passivation
film’s surface, as illustrated in Figure 1a. Consequently,
a greater number of paraffin particles from the surround-
ing regions are incorporated into the frictional area dur-
ing friction, leading to a decrease in the friction coeffi-
cient and an enhancement in the passivation film’s
friction resistance.

Each group of samples underwent three parallel ex-
periments, and the standard deviation was computed us-
ing the following formula. The outcomes are detailed in
Table 2. The calculations reveal a minor deviation in the
friction coefficient from the mean, indicating stable re-
sults. The standard deviations (o) hover around 0.5 %,
affirming the substantial enhancement of friction resis-
tance in the passivation film by the wax emulsion.

D =’
N

g =

(1)

4 CONCLUSIONS

In this investigation, three distinct wax emulsions,
namely GA-1806, GA-2000, and GT-3360, were utilized
in the formulation of a composite passivation film along-
side water-based polyurethane resin and surfactant.
Through a comprehensive assessment encompassing
structural analysis, surface morphology, corrosion resis-
tance, frictional properties, and adhesion characteristics
of the passivation film, GA-2000 demonstrated optimal
performance at a 2 % dosage. This inclusion level
yielded favorable outcomes, including reduced surface
roughness, enhanced gloss, exceptional salt-spray resis-
tance, and a lower friction coefficient, while maintaining
excellent topcoat adhesion. Conversely, although
GT-3360 exhibited notable hydrophobic and frictional at-
tributes, its adverse influence on interfacial adhesion cur-
tailed its practical viability. Consequently, the 2 % addi-
tion of GA-2000 wax emulsion was identified as the
most advantageous dosage. At this concentration, the
composite passivation film showcased elevated surface
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gloss, diminished roughness, and enhanced frictional re-
silience. By prioritizing adhesion integrity, enhance-
ments in self-repair capabilities and corrosion resistance
were achieved, thereby substantially amplifying the over-
all performance of the system.
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