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Abstract

Multi-metal automotive bodies integrating steel and aluminum require adaptable zinc phosphate conversion
coatings to provide corrosion protection. Zinc phosphate is widely applied prior to painting because it enhances
both corrosion resistance and paint adhesion. However, comparative studies involving tri-cationic zinc
phosphate on aluminum and steel remain limited. This study evaluated the effects of bath pH (2.4-3.6) and
temperature (40—60 °C) on the coating performance of steel and aluminum substrates. Corrosion performance
was assessed using a 72-hour salt spray test, combined with gravimetric weight-loss measurements, and
supported by SEM-EDX characterization and adhesion testing. Zinc phosphate deposition on aluminum
occurred at pH 3.3-3.6, forming plate-like crystals with incomplete surface coverage, whereas steel exhibited
dense and uniform crystal structures at pH 3.0-3.3. Bath pH mainly influenced crystal nucleation and
morphology, while higher temperatures promoted coating formation. The lowest corrosion rate for aluminum
was 0.084 mm/year at pH 3.6 and 60 °C, whereas steel showed the lowest corrosion rate of 0.27 mm/year at pH
3.0 and 60 °C. Under these conditions, inhibition efficiencies reached 20.78% for aluminum and 84.49% for
steel relative to the uncoated substrates. All coated samples achieved grade 5B adhesion in the tape test. The
different optimum conditions observed for steel and aluminum highlight the challenge of using a single
phosphating bath for multi-material automotive bodies.
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1 Introduction

Aluminum has been increasingly used since the
second half of the twentieth century because of its
lightweight characteristics, which contribute to
vehicle weight reduction and lower carbon emissions
[1], [2]. Automotive manufacturers such as Land
Rover, Dyna-Panhard, and Audi have adopted
aluminum and aluminum alloys for components
including engine hoods, hardtops, and tailgates [3].
Nevertheless, steel remains the dominant structural
material in automotive body construction owing to its
favorable  mechanical properties and  cost-
effectiveness [4]. Consequently, contemporary
automotive architectures increasingly utilize a hybrid
combination of ferrous and non-ferrous alloys, which
undergo complex manufacturing sequences including
advanced forming, dissimilar material joining, and
surface conditioning [5]. The integration of
heterogeneous metallic substrates within a single body

structure requires effective pretreatment technologies
capable of ensuring uniform corrosion mitigation and
optimal coating adhesion across different material
interfaces [6]. Among the available pretreatment
technologies, zinc phosphate conversion coatings
(ZPCCs) are widely employed prior to painting
because they improve corrosion resistance and
enhance paint adhesion [7]. These coatings form
through reactions between the metal substrate and a
phosphating bath containing phosphoric acid, metal
ions, accelerators, and other additives, resulting in a
thin, insoluble phosphate layer on the metal surface
(81, [9]-

Tri-cationic phosphating systems (Zn?*, Ni?*, and
Mn?") are widely employed in automotive
pretreatment processes because they provide superior
crystal refinement, coating uniformity, and interfacial
adhesion compared with conventional formulations
[10]. In addition to chemical additives [11]-[14], the
protective efficacy of these coatings is strongly
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governed by operational parameters, particularly bath
pH and temperature, which regulate substrate
dissolution and crystal nucleation kinetics [15].
Recent studies have further demonstrated that these
parameters significantly influence crystal morphology
and deposition mechanisms. Alinezhadhfar et al, [16]
showed that variations in pH and temperature alter
phosphate crystal growth and coating coverage on
iron-based substrates, whereas Baloyi et al., [17]
reported distinct nucleation and growth behaviors
between galvanized steel and aluminum alloys due to
differences in substrate chemistry.

Despite these insights, the coupled effects of bath
pH and temperature on steel and aluminum substrates
under identical tri-cationic phosphating conditions
remain insufficiently understood. This knowledge gap
is particularly critical in modern automotive
manufacturing lines, where heterogeneous metallic
substrates are processed simultaneously and are
expected to exhibit uniform coating quality and
corrosion resistance [18]. Therefore, the present study
systematically investigates the combined influence of
bath pH and temperature on zinc phosphate coating
formation and performance on both steel and
aluminum substrates within a tri-cationic system. By
comprehensively evaluating coating morphology,
elemental composition, adhesion, and corrosion
behavior, this work provides insight into the
relationship between processing parameters and
substrate type, thereby offering strategies for
optimizing multi-metal pretreatment processes in
automotive applications.

2 Materials and Methods

2.1 Materials

The substrates tested were aluminum and steel
specimens measuring 70 x 150 x 0.8 mm. The
aluminum substrate contained 10.92 wt.% C, 1.48
wt.% O, 0.62 wt.% Fe, and 86.97 wt.% Al, while the
steel substrate contained approximately 13.73 wt.% C,
0.34 wt.% Al, and 85.93 wt.% Fe. All pretreatment
solutions used before the zinc phosphate process were
of commercial grade.

Commercial alkaline degreasing and activation
products were employed according to the
manufacturers’ technical data sheets. Owing to
proprietary restrictions, the product identities are not
disclosed; however, their principal active components
are summarized in Table 1. The tri-cationic zinc
phosphate bath was formulated using 85% phosphoric

acid (Shandong Near Chemical), 68% nitric acid
(Qingdao Hisea Chem), zinc oxide (Indoxide), nickel
carbonate (Hubei Tao Yuan Chemical), manganese
carbonate (Shanghai Yuantai Chemical), sodium
nitrite  (Mudanjiang Fengda Chemicals), sodium
nitrate (Hailan Chemical), and sodium fluoride
(Shandong Pulisi Chemical).

Table 1: Composition of commercial pretreatment
chemicals used before Zinc phosphating.

Composition
Stage Component (mass %)
Degreasing  godium hydroxide 35-40
Sodium carbonate 30-35
Disodium metasilicate 15-20
Activation Trizinc bis-orthophosphate 25-30

2.2 Preparation of Pretreatment Baths

The surface pretreatment process consisted of
sequential degreasing, surface activation, tri-cationic
zinc phosphating, and drying. The compositions of the
degreasing, activator, and zinc phosphate baths are
presented in Table 2. The zinc phosphate bath
composition was formulated based on previously
reported tri-cationic phosphating systems [19], [20].
Each degreasing solution, activator, and zinc
phosphate bath was prepared in a 2000 mL glass
beaker using deionized water, followed by the
addition of raw materials according to the target
composition. Each solution was mixed using a
magnetic stirrer at 400 rpm.

Table 2: Composition of pretreatment bath solutions.

Stage Component Quantity
Degreasing Degreasing product 1.65 wt.%
Activation Activator product 0.2 wt.%
Phosphating Phosphoric acid 13 g/

Nitric acid 2.84 g/L
Zinc oxide 1.5 g/L
Nickel carbonate 4 g/L
Manganese carbonate 1.6 g/L
Sodium nitrite 0.18 g/L
Sodium nitrate 0.8 g/L
Sodium fluoride 1.2 g/L

2.3 Coating process

Prior to pretreatment, the substrates were manually
wiped using a clean, lint-free cloth to remove visible
surface contaminants and dust. The specimens were
then immersed in an alkaline degreasing solution at 40
°C for 120 s and rinsed with industrial water.
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Afterward, the substrates were immersed in the
activator bath for 30 s and immediately transferred to
the zinc phosphate bath without intermediate rinsing.
The phosphating process was conducted for 120 s
using five pH levels (2.4, 2.7, 3.0, 3.3, and 3.6) and
five temperature levels (40, 45, 50, 55, and 60 °C),
resulting in 25 experimental conditions based on a full
factorial design. The selected pH and temperature
ranges were established based on previous studies of
zinc phosphate and tri-cationic phosphating systems
[16], [17], [19].

A fresh phosphating bath was prepared for each
pH—-temperature combination to eliminate the
influence of bath aging. For each condition, three steel
specimens and three aluminum specimens were
sequentially processed using the same bath. Among
the coated specimens, two panels of each substrate
were used for corrosion testing, while the remaining
panel was subsequently coated with cathodic
electrodeposition (CED) epoxy paint and used for
adhesion evaluation.

During phosphating, continuous agitation was
maintained using a magnetic stirrer operating at 400
rpm to ensure bath homogeneity. The bath pH was
measured using a Horiba LAQUA 200 series pH meter
immediately after bath preparation and was adjusted
with phosphoric acid or 1 M NaOH to achieve the

» »

target values. After phosphating, the specimens were
rinsed by spraying with demineralized water for 30 s
and then dried in an oven at 80 °C for 10 min. The
CED process was conducted at a bath temperature of
30 °C, with an immersion time of 3 min and an applied
voltage of 200 V, producing an epoxy coating with a
dry-film thickness of 17+ 1 um. The coated specimens
were subsequently cured at 105 °C for 2 h. A
schematic illustration of the coating process is shown
in Figure 1.

2.4 Characterization and performance testing

2.4.1. Characterization

The surface morphology of the zinc phosphate
coatings was characterized using a scanning electron
microscope (SEM, JEOL IT2100) equipped with an
energy-dispersive  X-ray spectroscopy (EDX)
detector for elemental analysis. SEM observations
were conducted at a magnification of 1500x with an
accelerating voltage of 15 kV. Elemental
composition was determined from a representative
point on the coating surface using EDX analysis. No
conductive coating was applied prior to SEM
examination.

»
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Figure 1: Schematic illustration of the coating process.
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2.4.2. Corrosion rate performance

The corrosion resistance of the phosphate-coated
substrates was evaluated using a salt spray test in
accordance with ASTM B117. Corrosion testing was
performed on phosphate-coated specimens without
additional paint layers. For each experimental
condition, two specimens of each substrate were
exposed in a salt spray chamber containing 5 wt.%
NaCl solution at 35 °C for 72 h. After exposure,
corrosion products were removed following ASTM
G1-03. Aluminum specimens were cleaned using
nitric acid, whereas steel specimens were cleaned
using hydrochloric acid containing
hexamethylenetetramine. The cleaned specimens
were subsequently weighed to determine weight loss,
and the corrosion rate was calculated using Eq. (1).

K xW (1
“axexp (" year)

]/COT'T

where K is the corrosion rate constant (87.6),
W is the average weight loss (mg), 4 is the exposed
area (210 cm?), ¢ is the exposure time (h), and D is
the substrate density (2.69 g/cm? for aluminum and
7.85 g/em?® for steel). The inhibition efficiency
(IE%) of the substrates was calculated using Eq.
(2), where W, is the weight loss of the control
sample (uncoated substrate) and W is the weight
loss of the ZPCC substrate. All experiments were
conducted in duplicate, and average values are
reported. Standard deviations were used to
evaluate data variability, while error bars were
omitted to improve figure readability.

Wo -W 2)

0

IE % =

2.4.3. Adhesion Performance

Adhesion performance was evaluated on zinc
phosphate-coated substrates that were subsequently
coated with commercial epoxy-based CED paint.
For each experimental condition, one specimen of
each substrate was subjected to a cross-hatch
adhesion test in accordance with ASTM D3359
(Method B). A cutting guide (Taiyu Kizai No. 315)

with a blade spacing of 1 mm and a utility knife
(Joyko A-300A) were used to produce eleven
parallel cuts, followed by a second set of
perpendicular cuts to form a lattice pattern.
Adhesive tape (NICHIBAN Cellotape CT/No. 405)
was then applied to the grid and removed according
to the ASTM D3359 procedure. Adhesion
performance was evaluated qualitatively and
classified from 5B to 0B.

3 Results and Discussion

3.1 Morphological characterization
3.1.1. SEM micrographs of aluminum

The surface morphology of the zinc phosphate layer
was characterized using SEM. Figure 2(a)—(e)
shows the surface morphology of the zinc
phosphate layer formed on the aluminum substrate
at various pH values. Crystal formation was
observed only at pH 3.3 and 3.6, with flat and fine
crystal morphology. Although crystals were present
under both conditions, the resulting layer did not
completely cover the surface, and some areas of the
aluminum remained exposed. Upon closer
observation, cracks were detected on the aluminum
surface under conditions where no crystal layer was
formed.

The presence of cracks under non-crystal-
forming conditions suggests that the phosphate
crystal formation reaction was suppressed, whereas
cracking still occurred because of hydrogen
evolution and dehydration during the coating
process [21]. The incomplete crystal layer indicates
that the aluminum surface was not fully protected.
The presence of uncovered regions may allow
electrolytes to penetrate the layer, thereby
increasing the possibility of corrosion initiation
[22]. To maximize crystal coverage, the immersion
duration may be extended, or the process
temperature may be increased [17].

Figure 3(a)-(e) shows that higher
temperatures increased the degree of surface
coverage, resulting in fewer uncovered gaps.
However, even at the highest temperature used in
this study, gaps between crystals were still
observed. The reduction in uncovered regions
indicates that increasing the temperature of the
zinc phosphate bath promotes crystal growth by
accelerating the coating reaction and facilitating
crystal deposition [23].
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Figure 3: SEM micrographs of zinc phosphate conversion coatings on aluminum at various temperatures.

Baloyi et al., [17] reported that higher operating
temperatures resulted in lower corrosion current
density, indicating a reduced corrosion rate. Based on
the results of the present study, crystal deposition may
be maximized by prolonging the immersion duration
in the zinc phosphate bath [24]. Additionally, previous
studies have shown that increasing the sodium fluoride
concentration can improve crystal deposition, with the
optimum range reported as 1.2—1.4 g/L [20]. Overall,
zinc phosphate coating on aluminum was obtained
only at pH 3.3 and 3.6. Although increasing the
temperature improved surface coverage, complete

crystal coverage was not achieved under the
conditions investigated in this study.

3.1.2. SEM micrographs of steel

Figure 4(a)—(e) shows that the zinc phosphate layer
formed on the steel surface completely covered the
substrate, with no uncovered voids observed.
Differences in crystal morphology were observed at
each pH level. At pH 2.4, the crystals exhibited a long
needle-like morphology with sharp tips. At pH 2.7 and
3.0, the crystals became shorter, with more oval
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terminations. In contrast, at pH 3.3 and 3.6, the
crystals were rounder, denser, and more uniform.

The variation in crystal morphology indicates
that pH has a significant effect on crystal deposition
on the steel surface. The main processes occurring
when a substrate is immersed in a zinc phosphate bath
are Fe dissolution and continuous crystal layer
formation [24]. At lower pH levels, the addition of
phosphoric acid promotes more aggressive dissolution
of iron ions [25]. Under these acidic conditions,
dissolution is dominant; once crystal nuclei begin to
form, they grow larger and develop a more elongated
morphology [16].

However, as pH increases, dissolution becomes
less aggressive. Consequently, once crystal nuclei are
formed, their growth becomes slower, producing more
rounded and uniform crystals [26]. These rounded,
dense, and uniform layers are associated with
improved corrosion resistance [27]. Previous studies
have reported that the optimum pH range for obtaining
uniform crystal morphology on steel is 2.9-3.1, which
is generally consistent with the results of this study
[19], [28].

The effect of temperature on zinc phosphate
formation was also investigated to determine its
influence on morphology, as shown in Figure 5(a)—(e).
At 40 °C, the crystals appeared as short spherical

Figure 5: SEM micrographs of Zinc phosphate conversion coatings on steel at various temperatures.
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structures stacked on top of one another, with
visible gaps between adjacent crystals. As the
temperature increased, the crystals grew larger and
gradually developed into flattened needle-like
structures. This indicates that temperature plays a
role in promoting more aggressive crystal
formation. Diaz et al., [15] reported similar
behavior, showing that increasing temperature
resulted in a significant decrease in the current
measured using an electrochemical cell, indicating
a more active layer formation process. Furthermore,
increasing temperature can enhance both the weight
and thickness of the zinc phosphate layer [29].
Based on these results, pH influences crystal
morphology, while temperature increases the rate of
crystal formation.

3.2 EDX Elemental composition

3.2.1. Elemental composition of ZPCC on aluminum

Several elements were detected on the aluminum
substrate, including carbon (C), aluminum (Al),
oxygen (O), phosphorus (P), and zinc (Zn), together
with small amounts of manganese (Mn), nickel (Ni),
iron (Fe), and fluorine (F). As shown in Figure 6,
phosphorus was detected only at pH 3.3 and 3.6,
indicating that zinc phosphate deposition occurred
only under these conditions. The highest
phosphorus content was obtained at pH 3.3 and 60
°C, reaching 11.26 wt.%, with an aluminum content
of 24.8 wt.%. The simultaneous presence of Zn and
P is consistent with the formation of zinc phosphate
compounds, which are commonly reported on
aluminum substrates [20]. Aluminum signals were
still detected even under conditions where
phosphorus was present. This observation suggests
that the substrate was not completely masked by the
deposited layer, which is consistent with the
incomplete surface coverage observed in the SEM
images [30].

3.2.2. Elemental composition of ZPCC on steel

Based on the EDX analysis results, several elements
were detected on the steel substrate layer, including
carbon (C), oxygen (O), phosphorus (P), iron (Fe),
manganese (Mn), nickel (Ni), and zinc (Zn). Figure 7(a)
shows the presence of phosphorus (P), indicating the
successful formation of a zinc phosphate crystal layer.
The phosphorus content generally increased with

increasing pH up to 3.3, followed by a decrease at pH
3.6, as shown in Figure 7. The highest phosphorus
content was obtained at pH 3.3 and 60 °C, reaching 9.64
wt.%, whereas the lowest value was observed at pH 2.4
and 40 °C, with a phosphorus content of 0.45 wt.%.
These results indicate that the amount of deposited
phosphate species depends on the bath conditions and
suggest the existence of an optimum pH range for
obtaining a layer with relatively high phosphorus
content. The decrease in phosphorus content at pH 3.6
implies that excessively high pH may reduce the
efficiency of phosphate deposition.

Iron was also detected in the EDX spectra, which
may be attributed to iron dissolution during the
phosphating process, followed by its incorporation into
zinc phosphate compounds [7]. The simultaneous
presence of P and Fe suggests the formation of mixed
zinc phosphate compounds commonly reported on steel
substrates. SEM—EDX analysis provides only elemental
composition and distribution, making the identification
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steel substrate: (a) P content and (b) Fe content.

of specific zinc phosphate phases tentative. Definitive
phase identification requires complementary
techniques such as X-ray diffraction (XRD) [31].
Additionally, SEM-EDX alone is insufficient for the
quantitative measurement of coating thickness and

porosity.

3.3 Corrosion rate

3.3.1. Corrosion rate of aluminum

Corrosion rates were evaluated by measuring weight
loss using gravimetric analysis after a 72-hour salt
spray test (SST). Inhibition efficiency (IE) values
were calculated by comparing the weight loss of the
coated samples with that of the uncoated control
sample. Based on these data, the corrosion rate and
inhibition efficiency of the coating were determined,
allowing  further interpretation of coating
degradation behavior. The average weight loss of the

uncoated substrate after testing was 43.2 mg, and
inhibition efficiency was calculated using Eq. (2).
Figure 8(a) presents the weight loss of aluminum
substrates treated with ZPCC. At pH values between
2.4 and 3.0, the weight loss values were relatively
similar to those of the control sample and, in some
cases, were even higher. These results indicate that
the phosphating treatment did not provide effective
corrosion protection because a zinc phosphate layer
had not formed on the aluminum surface. In contrast,
lower weight loss values were observed at pH 3.3 and
3.6 compared with the control sample.

The corrosion rate of aluminum under various
ZPCC bath conditions is shown in Figure 8(b). In
general, relatively high corrosion rates were
observed at low pH values, between 2.4 and 3.0. In
agreement with the SEM-EDX results, these
conditions corresponded to the absence of zinc
phosphate layer formation. A reduction in corrosion
rate was observed at pH 3.3 and 3.6, coinciding with
the formation of a zinc phosphate layer. The lowest
corrosion rate was obtained at pH 3.6 and 60 °C, with
a value of 0.084 mm/year. Although the optimum
phosphating bath temperature in this study was 60
°C, which may lead to higher energy consumption,
this temperature remains within the typical operating
range of 40-90 °C reported in the literature [15],
[16], [32], [33].

Figure 8(c) shows that the inhibition efficiency
of the coated substrates increased with increasing
phosphating bath temperature, indicating improved
corrosion protection. This observation is consistent
with the SEM-EDX results, which confirmed the
presence of zinc phosphate deposition on the
aluminum surface at pH 3.3-3.6. However, the
relatively small difference in weight loss between the
coated and uncoated substrates may be attributed to
the naturally occurring protective oxide layer (Al2Os)
on the aluminum surface, which already provides a
certain degree of corrosion resistance [34]. Among
all conditions, the highest inhibition efficiency was
achieved at pH 3.6 and 60 °C, reaching 20.78%.

Representative appearances of the aluminum
substrate before coating, after coating, and after the
SST are presented in Figure 9(a)—(c). As shown in
Figure 9(c), the surface became rougher and
exhibited a yellowish appearance after the SST. The
corrosion process begins with the dissolution of the
AlO; layer commonly present on the aluminum
surface [35]. Chloride ions originating from the salt
solution used in the test promote pitting corrosion of
aluminum [36].
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Figure 8: ZPCC on aluminum after a 72-hour salt
spray test: (a) weight loss, (b) corrosion rate, and (c)
inhibition efficiency. Data are presented as mean
values (n = 2).

Under atmospheric corrosion conditions with
constant temperature and humidity, corrosion
products formed on the aluminum surface generally
consist of AI(OH)s, AIO(OH), AL:Os, and AICL [37].

Figure 9: Representétive appearance of the aluminum
substrate: (a) uncoated, (b) after ZPCC, and (c) after
the salt spray test.

3.3.2. Corrosion rate of steel

As shown in Figure 10(a), the weight loss
measurements indicated that the greatest material loss
occurred under highly acidic conditions, with a
maximum value of 1.69 x 10°> mg recorded at pH 2.4
and 40 °C. However, this value was still lower than
that of the uncoated steel substrate, which exhibited an
average weight loss of 2.42 x 10°> mg. At the same pH,
increasing the zinc phosphate bath temperature
resulted in lower weight loss, indicating that higher
bath temperatures improved corrosion protection.

The corrosion rates under different bath
conditions are presented in Figure 10(b). Both bath pH
and temperature significantly affected the corrosion
rate of the coated steel. The highest corrosion rate,
with a value of 1.24 mm/year, was observed at pH 2.4
and 40 °C. This condition corresponded to the lowest
phosphorus content detected by EDX analysis. In
general, the corrosion rate decreased with increasing
bath temperature across all pH conditions. However, a
different trend was observed at pH 3.6, where the
corrosion rate began to increase. This result suggests
that optimum coating performance is achieved within
a limited pH range [16]. The lowest corrosion rate was
achieved at pH 3.0 and 60 °C, with a value of 0.27
mm/year and an inhibition efficiency of 84.5%. Under
these conditions, the EDX results showed a relatively
high phosphorus content of 8.52 wt.%. Although the
highest phosphorus content was observed at pH 3.3
and 60 °C, it did not correspond to the optimum
corrosion protection.

SEM observations indicate that crystal
morphology also plays an important role in corrosion
resistance. At pH 3.0, finer and smaller crystals were
observed. Similar observations were reported by
Ramos et al., [24], who showed that smaller and more
compact phosphate crystals provide better corrosion
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resistance than larger crystals because of reduced
intercrystalline gaps. Therefore, the combination of
high phosphorus deposition and fine, compact crystals
contributed to the lowest corrosion rate.
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Figure 10: ZPCC on steel after a 72-hour salt spray
test: (a) weight loss, (b) corrosion rate, and (c)
inhibition efficiency. Data are presented as mean
values (n =2).

Representative appearances of the steel substrate
before coating, after coating, and after the SST are
presented in Figure 11(a)—(c). Similar to aluminum,
the corrosion process began with substrate dissolution,
resulting in a high concentration of dissolved Fe ions
near the metal surface [38]. Subsequently, the Fe ions
reacted with phosphate species to form iron phosphate
precipitates as corrosion products [39].

3.4 Adhesion

Aluminum and steel substrates coated with zinc
phosphate were further coated with epoxy resin paint via
CED. Adhesion testing was conducted using the lattice
pattern method with eleven cuts in each direction,
followed by the application and removal of pressure-
sensitive tape over the lattice. Figure 12 presents the
adhesion test results of the CED-coated substrates. Based
on the ASTM D3359 classification, all samples achieved
a 5B rating, indicating zero paint loss from the
specimens. Because all tested conditions yielded
identical maximum adhesion ratings, the influence of
zinc phosphate bath variations on adhesion performance
could not be clearly distinguished using this method.

(a)

Figure 11: Representative appearance of the steel
substrate: (a) uncoated, (b) after ZPCC, and (c) after
the salt spray test.

Figure 12: Representative adhesion test result on the
painted substrate.
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The uniformly high adhesion observed may be
associated with the inherently strong bonding
characteristics of CED coatings, which possess high
surface functionality through peripheral hydroxyl
groups and ether bonds [40]. Although a porous zinc
phosphate structure is generally considered important
for promoting mechanical interlocking between the
metal surface and the paint layer, the high adhesion
capability of the CED system and the surface
preparation procedures employed in this study may
have limited the ability of the ASTM D3359 test to
detect subtle differences in adhesion performance
[41], [42].

This behavior was also observed for aluminum
substrates processed under bath conditions below pH
3.3. Despite limited zinc phosphate deposition under
these conditions, all samples still exhibited excellent
adhesion. This result may be attributed to the NaOH-
based degreasing process, which effectively removes
oils and surface contaminants [43], thereby providing
sufficient surface cleanliness Dbefore coating
application [44].

3.5 Zinc Phosphate Coating Mechanism

Based on mechanisms proposed in previous studies,
zinc phosphate coating formation on aluminum
generally involves substrate dissolution, crystal
nucleation, and dynamic equilibrium between coating
growth and dissolution [3], [45], as schematically
illustrated in Figure 13. The reactions presented in this
section are intended to provide a mechanistic
framework for interpreting the experimental
observations and do not constitute direct evidence
obtained in the present study. The first stage involves
dissolution of the substrate by hydrogen derived from
phosphoric acid. Oxidation occurs at the anode, and
hydrogen is formed at the cathode through the
following reactions.

Al,05 + 6H* - 2A13* + 3H,0 3)
Al+3H* > AP* + 11/, Hy (4)

The increase in pH near the aluminum surface
shifts the equilibrium of phosphoric acid, resulting in
the production of more phosphate ions, which in turn
triggers the formation and growth of the coating
layer.

A more complex reaction pathway occurs on
aluminum substrates because fluoride ions interact
with dissolved aluminum species. Fluoride ions are
commonly added to promote coating formation by
removing the passive oxide layer; however,
excessive complexation between AIP** and F~ may
reduce the availability of aluminum ions near the
interface and influence the coating process [3].

AB* + 6F~ > AIF3~ (5)

The next step is crystal formation, as illustrated
by the following reaction. When the solution becomes
saturated with PO+*~ and Zn**, and the pH rises near
the substrate surface, insoluble phosphate precipitates
and crystallizes on the substrate layer, forming the
conversion coating.

(a) Dissolution of Substrate

. . (zn? . .

< . .
I \z‘nz}

\Z"h .

Al AP* + 3e™ ) S

Aluminum Substrate

Zinc Phosphate Bath

-
1

3H* + 3e” - 3/2H,

(b) Crystallization

AP* + 6F~ = AlF}

Zinc Phosphate Bath

3Zn?* + 2H,P0; + 4H,0 « Zny(PO,), - 4H;0 + AH*

® 0
g \ani ‘

Aluminum Substrate

\Zn?t . . . . (™ o
= @ -
-~ z,,z+
\ \Zn2+

\z,gzr

Zinc Phosphate Bath

Aluminum Substrate

Figure 13: Schematic representation of the proposed
zinc phosphate coating mechanism on aluminum,
derived from the literature.
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32n2+ + 2H2P04__ + 4’H20 R4 Zn3(P04_)2 *
4H,0 + 4H™* (Hopeite) (6)

Under the equilibrium conditions described
above, the system can be disrupted by changes in bath
conditions, such as pH, temperature, or solution
concentration [16]. In the present study, the cracks
observed at pH 2.4-3.0 (Figure 2(a)—-(c)) are
consistent with conditions in which substrate
dissolution predominates over crystal growth.
However, the occurrence of these reactions was not
directly verified and is inferred from surface
morphology together with mechanisms reported in the
literature.

The final stage of the conversion coating process
involves a balance between crystal growth and
dissolution. During coating formation, local pH
changes near the surface cause dissolution and layer
formation to occur simultaneously [26]. Initially, the
process is dominated by layer growth; gradually, the
rates of both processes converge, although dissolution
eventually becomes more dominant [46].

During phosphating, phosphate sludge is
inevitably formed. Sludge accumulation can reduce
bath stability and coating consistency [45]. Therefore,
industrial phosphating baths are commonly equipped
with continuous circulation and filter press systems
[47]. The generated wastewater typically requires a
combination of physicochemical and biological
treatment processes before safe discharge or industrial
reuse [48].

A3* + 6F~ +3Na* - NasAlF, (7)
AB*Y + 6F~ + 2Kt + 3Na* - K,NaAlF, (8)

The coating process on steel substrates generally
follows the same stages as those previously described
for aluminum. The main difference lies in the
dissolution stage, where iron (Fe) from the steel
substrate dissolves to form Fe?* ions [3]. No
complexation reaction occurs on steel, unlike on the
aluminum substrate. The reaction process on the steel
substrate is described in the following reactions.
Dissolution:

Fe + 2H3P0, — Fe(H,P0,), + Hyg ©)

Fe +2H* —» Fe®" + Hyy, (10)

Coating formation:

3Zn2+ + 2H2PO4‘_ + 4‘H20 d Zn3(P04)2 *
4H,0 + 4H™* (Hopeite) (11)
27Zn%* + Fe?t + 2H,PO; + 4H,0 <

Zn,Fe(P0,), - 4H,0 + 4H* (Phosphophyllite) (12)

Sludge generation:

Fe3*+ H* +0, — Fe3*+ HO, (13)

Fe3* + HyPO; — FeP0,2H* (14)

4 Conclusion

This study highlights the practical challenges of
using a single zinc phosphating bath for the
simultaneous treatment of steel and aluminum
substrates. Increasing temperature promoted coating
formation, while pH mainly governed crystal
nucleation and morphology. The best corrosion
performance was obtained at 60 °C, with optimum
pH values of 3.6 for aluminum and 3.0 for steel. The
results show that the optimum phosphating
conditions differed between the two materials,
indicating that a compromise in bath parameters is
required to achieve balanced coating performance on
dissimilar metals. Therefore, an intermediate
operating window may be necessary for multi-
substrate  automotive pretreatment processes.
Although such conditions may not provide the
optimum phosphate layer characteristics for each
substrate individually, all CED-coated samples
exhibited excellent adhesion. These findings suggest
that the combined phosphating-CED process
remains a practical approach for modern multi-
material automotive bodies. Further studies are
required to determine the optimum operating
window for shared phosphating baths used for
dissimilar metals.
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