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Highlights

¢  Three-in-one conversion and galvanic coupling processes were adopted for coating
formation.

e The influence of treatment time on hopeite coating formation was discussed.

e  The uniform and fine hopeite coating was fabricated on AZ91D Mg alloy at 55 °C for
15 min.

Abstract

Hopeite (Zn3(PO4)2-4H20) coatings, obtained via zinc phosphate chemical conversion
(ZPCC), have gained increasing attention in the biomedical field. Such coatings are par-
ticularly appealing owing to their combined capability of excellent corrosion resistance
and biocompatibility. This study investigates the influence of processing time on the for-
mation of hopeite coatings on AZ91D magnesium alloy by zinc phosphate chemical con-
version (ZPCC). X-ray diffraction (XRD) analysis confirmed that the coatings primarily
consisted of hopeite, with trace amounts of phosphophyllite. The maximum coating mass
and thickness were achieved after a 30 min treatment at 55 °C. Electrochemical measure-
ments demonstrated superior corrosion resistance for coatings formed within 15-30 min.
Additionally, coating self-adhesion tests revealed strong bonding between the coating
and the substrate.

Keywords: AZ91D Mg alloy; hopeite; corrosion resistance; phosphate chemical conversion

1. Introduction

Phosphate chemical conversion (PCC) technology is widely recognized as a critical
surface pretreatment method for metallic substrates, primarily employed to enhance cor-
rosion resistance, wear resistance, and interfacial adhesion of underlying materials [1,2].
Its industrial prominence stems from three key advantages: rapid coating formation ki-
netics, compatibility with complex geometries, and cost-effectiveness [3,4]. PCC solutions
are systematically categorized based on their predominant metal ions, including zinc,
manganese, iron, zinc—calcium, magnesium, and chromate systems [5-8]. Among these,
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zinc phosphate chemical conversion (ZPCC) has emerged as the most industrially preva-
lent variant due to its superior corrosion protection performance. This method is highly
versatile and can be applied to a range of substrates including mild steels, galvanized
steels, stainless/nitrided steels, magnesium alloys, titanium, and aluminum [3,9,10]. Vari-
ous fabrication techniques, such as chemical treatment, electrochemical deposition, and
hydrothermal synthesis, have been successfully employed to produce ZPCC coatings
[5,11].

The hopeite phase (Zn3(PO4)2-4H20), constituting the primary component of ZPCC
coatings, finds extensive applications in electric motors, automotive components, and cor-
rosion-resistant pigments [12,13]. Beyond conventional industrial uses, hopeite exhibits
significant biomedical potential, particularly as a surface modification for zinc phosphate
dental cements, owing to its exceptional osteogenic properties and biocompatibility
[12,14]. In vitro studies have demonstrated excellent attachment and proliferation of both
osteogenic cells and human fibroblasts on titanium substrates modified with hopeite coat-
ings [15,16]. Building upon these findings, our previous work successfully deposited hy-
droxyapatite (HA) coatings onto hopeite-modified surfaces via simulated body fluid (SBF)
immersion, further extending the functional potential of such interfaces [17].

Magnesium (Mg) and its alloys are important lightweight structural materials,
widely used in various industries due to their low density, good machinability, and bio-
compatibility [8,18]. To overcome this drawback, extensive research has focused on sur-
face modification techniques aimed at improving both the corrosion resistance and bio-
compatibility of Mg-based materials. Numerous surface treatment approaches have been
investigated to address this challenge, including sol-gel [19-21], chemical conversion pro-
cess [22,23], plasma electrolytic oxidation [24,25], electrodeposition [26], and physical va-
por deposition (PVD) [27]. Among these, chemical conversion coatings are considered
particularly promising because of their cost-effectiveness, scalability, and proven corro-
sion protection performance [28-30]. Notably, ZPCC has gained recognition as an effec-
tive pretreatment for Mg alloys, offering both corrosion protection and improved adhe-
sion for subsequent painting processes. Despite these advancements, the potential appli-
cation of ZPCC for biomedical Mg alloys remains insufficiently explored.

In this study, hopeite coatings were fabricated on AZ91D Mg alloys via a conven-
tional chemical conversion method using a medium-temperature phosphating solution
combined with a galvanic coupling process. The effect of processing time on the charac-
teristics of the coatings was systematically investigated. The primary objective was to de-
termine the optimal processing time for the formation of uniform hopeite coatings.

2. Materials and Methods

Commercially available AZ91D Mg alloy substrates (Dongguan Hongdi Metal Mate-
rials Co., Ltd., Dongguan, China), having the composition (wt.%) Al: 8.3%-9.7%, Zn:
0.35%-1.0%, Mn: 0.15%—-0.5% and Mg: balance, were utilized for this study. The specimens
were abraded using 240-grit emery paper, followed by rinsing with distilled water. After-
wards, the samples were immersed in a chemical conversion solution bath at 55 °C for
different duration times from 5 to 30 min at a pH value of 2.75. The flow chart and the
composition of the chemical conversion solution for preparing ZPCC are given in Figure
1. Zinc oxide, phosphoric acid, nitric acid, and calcium nitrate tetrahydrate were used as
the primary reagents. All chemicals were of analytical grade and obtained from Si-
nopharm Chemical Reagent Co., Ltd. (Shanghai, China).

The ZPCC bath, formulated to produce a biocompatible and osteogenic hopeite
phase, was maintained at a pH of 2.75 and a temperature of 55 °C. These conditions were
chosen to balance substrate dissolution with coating nucleation while ensuring sufficient
reaction kinetics. The systematic optimization of bath composition, pH, and temperature
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will be reported separately. To accelerate film formation, Mg-Fe coupling was adopted,
following the approach described in a previous work [8]. Preliminary experiments
showed that treatment beyond 30 min resulted in bath precipitation and coating defects;
therefore, 30 min was selected as the endpoint in this study.

Rinsing
Abrading Rinsing and drying
\brading gy Mg i
Bare substrate F Chemical conversion Coated sample
g—Fe
A galvanic A w ~ Conversion
] Treatment l ~ bath ..
Specimens I couplmg parameters | \c(inposmon
ST Y ‘;'l'/. o, .
AZ91D Mg alloy iT. 55°C ZnO: 15 g/LL
‘ : t:5-30 min ~ H;PO,(85%): 8 ml/L

| HNO, (65-68%): 16 mI/L

10X10X2 mmd |
: : | Ca(NOy), 4H,0: 5 g/L

pH: 2.75

Figure 1. Schematic illustration of the fabrication of ZPCC coating.

Coating mass and thickness measurements were conducted according to a previ-
ously established method [5,11], with all reported values representing the mean of five
replicate determinations. The sample weights were measured using a high-precision ana-
lytical balance ( + 0.1 mg).

The coating mass (M, g-m2) was calculated as follows (Equation (1)):
m; —Mm,

M= M
where m1 and m2 denote the sample weights (g) before and after coating removal, respec-
tively, and A represents the substrate area (m?). The stripping process, defined as the re-
moval of the coating, was carried out at 70 °C for 5 min in a solution composed of 100 g/L
NaOH, 4 g/L CsHisNOs, and 90 g/L CeHioN2Na4Os [5,31]. All reagents were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The coating thickness was
measured using an eddy current thickness gauge (CT-100, Quzhou Aipu Measuring In-
struments Co., Ltd., Quzhou, China).

To evaluate the self-adhesion strength of the coatings, an ultrasonic weight loss
method was employed. The variation in mass before and after ultrasonic cleaning (KQ-
500VDE, KunShan Ultrasonic Instruments Co., Ltd., Kunshan, China) served as an indi-
cator of adhesion strength. For each experimental group, four randomly selected samples
were initially weighed after chemical conversion treatment (denoted as mi). Subse-
quently, the samples were subjected to ultrasonic cleaning in anhydrous ethanol for var-
ying times. After drying, their mass was re-measured (denoted as mt, where t represents
ultrasonic duration, ranging from 5 to 900 s). The calculation formula of the coating self-

adhesion strength is as follows:
m; —m
W, =t @
where Wt (g'm2) represents the coating mass, m: and m: (g) denote the sample weights
before and after ultrasonic cleaning in anhydrous ethanol, respectively, and A (m?) repre-
sents the substrate area.
The microstructures of the coatings were studied using an SNE-Alpha ultra-high-
resolution desktop scanning electron microscope (SEC Co., Ltd., Suwon, Gyeonggi-do,
South Korea). The phase composition of the coatings was characterized through X-ray
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diffraction (XRD) using a Rigaku D/max-yB diffractomete (Rigaku Corporation, Tokyo,
Japan) with Cu Ka radiation, which was operated at 40 kV and 100 mA. The diffraction
patterns were recorded in the 20 range of 5-80 ° with a scanning rate of 8 °/min. The sur-
face morphology of the coating was examined using a super-depth-of-field microscope
(DVMB6A, Leica, Wetzlar, Germany).

Electrochemical measurements were performed to evaluate corrosion resistance us-
ing a standard three-electrode system, comprising a platinum counter electrode, a satu-
rated calomel reference electrode (SCE), and the sample (either uncoated or coated) as the
working electrode with a 1 cm? exposed area. All electrochemical tests were conducted in
a 0.9 wt.% NaCl solution (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). A
CHI760E electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd., Shanghai,
China) was used for the measurements. The potentiodynamic polarization curves were
recorded at a constant scan rate of 1 mV/s.

3. Results and Discussion
3.1. Coating Mass and Thickness

Figure 2 illustrates the correlation between the time interval, coating mass, and thick-
ness of ZPCC coatings deposited at 55 °C. It is clearly observed that both the coating mass
and thickness rise with the increase in reaction time. The coating mass increased from
41.63 +£9.53 t0 109.01 £ 15.7 g/m? as the deposition time extended from 5 to 30 min, whereas
the coating thickness exhibited an initial rise from 76.9 = 16.83 to 103.8 + 28.46 um. Notably,
both parameters followed non-linear trends, with the most pronounced variations occur-
ring between 25 and 30 min. During this interval, the coating mass showed a gradual in-
crease (96.47 + 14.41 to 109.01 + 15.7 g/m?), while the thickness decreased markedly (113.7
+18.68 to 103.8 + 28.46 um).
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Figure 2. The coating mass and coating thickness of the ZPCC coating vs. time curves at 55 °C.

The conversion process begins with the dissolution of the oxide film, followed by
nucleation and grain growth. These mechanisms drive a near-linear increase in coating
mass within the first 15 min. Beyond 15 min, further coating development is governed by
crystal growth, structural reorganization, and secondary crystallization [5]. However, as
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the system approaches saturation, the rate of coating formation balances with partial crys-
tal dissolution, resulting in negligible net coating mass change [5,23]. Coating thickness
exhibits a time-dependent increase, correlating directly with processing duration. Coating
mass serves as a critical quality control parameter in industrial applications, directly in-
fluencing coating uniformity [5]. During the 25-30 min, the coating mass exhibited a grad-
ual increasing trend (from 96.45 + 14.41 g/m? to 109.01 * 15.7 g/m?), while the thickness
demonstrated a slight reduction (from 113.7 + 18.68 pm to 103.8 + 28.46 um). This apparent
discrepancy, a decrease in thickness despite an increase in coating mass, can be explained
by a dissolution-reprecipitation mechanism. Specifically, the reprecipitation of hopeite
fills internal voids and densifies the coating structure. This densification leads to an in-
crease in coating mass while simultaneously reducing surface roughness and overall
thickness. In addition, substrate roughness may also affect coating thickness. In this study,
the substrate was prepared using 240-grit emery paper, which results in a relatively high
surface roughness compared to finer polishing steps. This could partially account for the
observed variation in coating thickness. Future studies should adopt standardized surface
preparation protocols and include quantitative roughness measurements to better eluci-
date the relationship between substrate condition and coating properties.

3.2. Phase Composition

The XRD patterns of ZPCC coatings treated at 55 °C for varying durations are pre-
sented in Figure 3. The diffraction analysis reveals that the coatings are primarily com-
posed of hopeite (Joint Committee on Powder Diffraction Standards, JCPDS #37-0456),
with trace amounts of phosphophyllite (JCPDS #29-1427). The formation of ZPCC coatings
on the substrate occurs through the following reactions:

3Zn*+2 H,PO, +4H20 — Zns (PO4)24H0| + 4H* (3)
Fe?* +27Zn? +2H,PO, +4H20 — Zn:Fe (PO4)2-4H20| +4H* 4)
- m- Hopeite

o- Substrate

30 min|

L4 15 min

Intensity (a.u.)

(0200  (R0) 21) 241)

Hopeite (JCPDS #37-0465
.y @61 opeite (. )
TN I | S TP rard N}
10 20 30 40 50 60 70 80

20(degree)

Figure 3. XRD patterns of the samples ZPCC treated for different times at 55 °C.

All coatings fabricated under varying deposition durations exhibit nearly identical
XRD patterns, differing primarily in relative peak intensities (Figure 3). The sharp diffrac-
tion peaks suggest high crystallinity in all samples. Notably, the peak intensities show a
progressive enhancement with prolonged processing time, demonstrating the continuous
growth of the crystalline coating.

As shown in Figure 3, the diffraction intensities of the (221) and (241) planes, located
at 26.3° and 31.3°, respectively, show a clear progressive enhancement with increasing
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duration of ZPCC treatment. The peak intensities of both planes increase continuously
with processing time from 5 to 30 min, demonstrating that the crystallographic evolution
directly governs the final coating properties. Notably, the (241) plane demonstrates the
most significant enhancement in diffraction intensity in (Figure 3), suggesting a preferred
orientation of hopeite crystals along the (241) plane.

Hopeite is regarded as a promising multifunctional biomedical material owing to its
excellent biocompatibility and its ability to transform into hydroxyapatite (HA) in a Ca-
saturated alkaline environment such as simulated body fluid (SBF) [17]. As a result, con-
siderable research has focused on synthesizing hopeite coatings through chemical conver-
sion methods [10,17]. In contrast, phosphophyllite, which forms at the substrate-coating
interface, exhibits superior corrosion resistance in NaCl solutions and other aqueous en-
vironments owing to its higher chemical stability [10].

3.3. Microstructure Characterization

The SEM images of the coatings obtained at 55 °C under different duration times are
shown in Figure 4. A continuous and uniform coating is observed across the substrate,
displaying a clustered morphology consisting of granular grains. As the processing time
increased, the crystal structure evolved into a more uniform and bigger morphology, sug-
gesting the occurrence of renewed crystal nucleation and growth (Figure 4a,b) [19]. With
the duration time increasing from 15 to 30 min (Figure 4b-d), both crystal growth and
secondary crystallization contribute to the observed increase in coating mass and thick-
ness (Figure 2) [10]. Notably, the coating formed after 30 min exhibits larger crystal sizes
(® 1040 pm) compared to those obtained at shorter durations (15-25 min) (Figure 4b,c).
This increase in crystal dimensions corresponds to the higher coating mass measured at

30 min relative to samples processed for 5-25 min (Figure 2).

Figure 4. SEM images of the ZPCC coatings treated for different times at 55 °C: (a) 5 min, (b) 15 min, (c) 25 min,

(d) 30 min.
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Figure 5 presents the three-dimensional surface topography of the ZPCC coatings
deposited at 55 °C for different duration times. The surfaces exhibit an irregular peak—
valley morphology, which originates from the disordered arrangement of crystals and is
consistent with the SEM observations in Figure 4. Among these, the coating obtained after
15 min (Figure 5a) shows a relatively uniform surface with lower roughness compared to
those deposited for 25 min (Figure 5b) and 30 min (Figure 5c). In contrast, the 30 min
coating demonstrates a broader distribution of feature sizes and a more pronounced dis-
order in its microstructure.
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Figure 5. The 3D morphology of the hopeite coatings for different times at 55 °C: (a) 15 min, (b) 25

min, (¢) 30 min.

3.4. Self-Adhesive Strength

The interfacial bonding strength between the coating layers is a critical parameter for
evaluating the interlayer adhesion performance. To assess the structural integrity and ad-
hesion properties of the conversion coating, ultrasonic cleaning was employed as an indi-
rect characterization method. This approach leverages the pronounced dispersing and
peeling effects of ultrasound, with gravimetric measurements providing quantitative
evaluation of coating stability.

Figure 6 illustrates the weight loss versus ultrasonic treatment time for conversion
coatings prepared at 55 °C with different duration times. As observed, the weight loss of
all coatings increased non-linearly with prolonged ultrasonication. During the 0-900 s test
period, the majority of mass loss occurred within the initial 0-200 s, indicating a phase of
rapid coating degradation. Beyond 200 s, the weight loss tended to stabilize. This plateau
may result either from the complete detachment of the coating (where maximal mass loss
has been attained) or from the limited ultrasonication duration being insufficient to fully
remove the coating. In the latter case, the remaining coating likely possesses strong inter-
nal cohesion and excellent adhesion to the substrate.
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Figure 6. Curves of weight loss of coatings fabricated for different preparation times as a function
of ultrasonic time at 55 °C. (a) overall image, (b) magnified image of the region indicated by the blue

square in (a).

During the first 120 s of ultrasonic cleaning, the coatings exhibited a weight loss of
approximately 8.8 to 19.4 g/cm?, primarily due to the detachment of loosely bonded crys-
talline grains on the outermost surface. These superficial grains, being weakly adhered to
the underlying layer, were especially susceptible to delamination under ultrasonic excita-
tion. After exceeding 200 s of ultrasonic exposure, the mass loss stabilized considerably,
indicating that most of the weakly attached surface grains had been removed and a more
cohesive inner layer had been exposed. The significantly lower removal rate beyond this
stage further reflects the strong interfacial adhesion of the remaining crystals adjacent to
the substrate.

Notably, even after prolonged ultrasonic treatment (900 s), the cumulative weight
loss of all conversion coatings remained significantly lower than their initial mass (Figure
2), indicating strong interfacial adhesion with the underlying substrate. Among the tested
coatings, the coating prepared with 15 min demonstrated the lowest mass loss, highlight-
ing its superior structural integrity and superior bonding performance relative to the other
samples.

3.5. Electrochemical Investigation

The corrosion performance of the bare substrate and ZPCC coatings deposited for
different duration times was assessed through potentiodynamic polarization in 0.9 wt.%
NaCl solution (Figure 7). The corrosion potential (Ecorr) and corrosion current density
(Leorr) are summarized in Table 1.
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Figure 7. Potentiodynamic polarization curves of samples for different times at 55 °C and bare sub-

strate in 0.9 wt. % sodium chloride solution.

Electrochemical polarization measurements reveal that all ZPCC-coated samples ex-
hibit a lower I, along with a higher Ecorr, compared to the bare substrate (Figure 7 and
Table 1). These results demonstrate the improved corrosion resistance afforded by the
ZPCC coating in a 0.9 wt.% NaCl solution, which can be attributed primarily to the chem-
ical stability of the constituent hopeite and phosphophyllite phases [10]. Notably, while
the crystal morphology of the coatings remains largely unchanged regardless of treatment
duration time, electrochemical evaluation reveals a clear time-dependent trend: pro-
longed treatment leads to a decrease in Iorr and a concurrent increase in Ecor. The improve-
ment becomes increasingly pronounced up to 30 min, indicating that extended processing
promotes superior corrosion protection. This trend is consistent with the microstructural
evolution shown in Figure 4, where a denser crystalline layer and greater coating mass
gain (Figure 2) collectively enhance the barrier performance of the ZPCC coating.

The enhanced performance can be attributed to microstructural evolution under pro-
longed treatment times. Specifically, the formation of finer and more compact crystals
contributes to coating densification, which increases coating mass while leading to a slight
reduction in thickness during the 25-30 min period (Figure 2). This densified structure is
responsible for the improved corrosion resistance. Collectively, these morphological and
physical improvements contribute to the superior barrier properties of the coatings.

Table 1. The results of potentiodynamic corrosion tests in 0.9% sodium chloride solution.

Introduction Ecorr (VscE) Lcorr, x10-6 (A/cm?)
Bare -1.58 2.140
5 min -1.54 0.570
10 min -1.28 0.021
15 min -0.89 0.001
25 min -1.17 0.010
30 min -1.02 0.004

4. Conclusions

To systematically evaluate the influence of duration time on the formation and prop-
erties of zinc phosphate chemical conversion (ZPCC) coatings, a series of coatings was
fabricated on AZ91 magnesium alloy substrates under varying treatment times. The in-
fluence of duration on key coating characteristics, including coating mass, thickness,
phase composition, microstructure, and electrochemical corrosion behavior, was compre-
hensively investigated.

The results revealed that, while the phase composition and crystal morphology of the
coatings remained consistent across different treatment durations, the coating mass, thick-
ness, and corrosion resistance exhibited a positive correlation with prolonged duration
time. Notably, coatings formed within 15-30 min demonstrated superior coating mass and
enhanced corrosion resistance. Consequently, this duration range is proposed as the opti-
mal treatment time for ZPCC coating formation under the present experimental condi-
tions. Further studies, such as biocompatibility assessments, are currently underway to
evaluate the coating’s potential for biomedical applications.
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