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Abstract
A novel Cr-substituted hydroxyapatite (Cr-HA) nanoparticles were synthesized via continuous hydrothermal technique.
Moreover, the synthesized material was embedded into a silica sol–gel matrix and applied on an AA2024 substrate to
evaluate the corrosion inhibition efficiency of the coating. TEM and SEM micrographs confirmed the development of Cr-HA
nanorods of 20 nm width and 6 µm length. XRD diffractograms demonstrated the evolution of a new crystalline structure;
the XRD pattern was analyzed by Material Studio software which confirms the replacement of Ca2+ by Cr3+. The EDX
mapping revealed a uniform distribution of Ca and Cr ions within the Cr-HA crystal structure. The atomic ratio of Ca2+:
Cr3+ was reported to be 4:1 respectively. The Cr-HA nanoparticles were uniformly distributed in a silica sol–gel matrix and
applied on an AA2024 substrate. The corrosion performance of the Cr-HA sol–gel coating composite was evaluated using
Electrochemical Impedance Spectroscopy (EIS) in an aerated 3.5% NaCl solution and the results compared to those of neat
silica sol–gel coating. Whereas pitting corrosion was also observed in the case of a neat sol–gel coated sample within 5 days
of immersion, Cr-HA sol–gel coated AA2024 exhibited prolonged pitting resistance over 110 days with no sign of corrosion
or delamination. The EIS data fitting suggested the formation of a protective layer that is responsible for the extended
corrosion resistance of the Cr-HA-coated sample. The scratch test indicated that the Cr-HA nanocomposite coating might
offer short-term self-healing properties in the 3.5% NaCl corrosive media.
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1 Introduction

Aluminum alloy AA2024 has been widely used in aviation
applications for its high strength-to-weight ratio [1, 2].
Coating is an effective technique for corrosion protection.
Various inhibitors have been incorporated into the coating
matrix to enhance its corrosion resistance [3–7]. For many
decades, chromate coatings were applied as a primary
layer to improve the corrosion resistance of AA2024 [8].
However, the presence of hexavalent chromium in these
coatings has been ruled out in the United States and
Europe. Many researchers have endeavored to develop
suitable replacements for Cr(VI) coatings [9–12]; sol–gel
coatings could offer green alternatives [11, 13, 14].
Sol–gel coatings are easily synthesized to produce tailored
coatings with desirable properties. These hybrid coatings
comprise a combination of organic and inorganic seg-
ments in their chemical structure, which allow for mod-
ifying mechanical, physical, thermal, and chemical
properties via adjusting the ratio between these two
components. The most commonly used precursors for
hybrid coatings are modified silicon alkoxides such as
3-glycidoxypropyl trimethoxysilane (GPTMS) [15, 16]. In
addition, different solvents were applied in the synthesis
of sol–gel coatings [17–19] to make them compatible with
a wide range of additives. The sol–gel technique not only
reduces the curing temperature but also, silica sol–gel
coatings form a covalent bond (Si–O–Al) at the coating/
metal interface [20, 21].

This strong bond improves the adhesion properties of the
coating to the metal surface and enhances the barrier
property against the diffusion of corrosive electrolyte via
forming a three-dimensional siloxane network and conse-
quently, increases the corrosion resistance [22]. Moreover,
nanoparticle addition can enhance the mechanical properties
of these coatings [23–25]. Last but not least, these coatings
can accommodate different types of inhibitors elevating the
corrosion-resistant properties of the silica sol–gel coated
metals [13, 26–30].

Silica sol–gel coatings were loaded with hydroxyapatite
(HA) as a corrosion inhibitor for AA2024 in artificial sea-
water [31]. HA is one of the most important materials used
in medical, dental, drug delivery, water treatment, and
materials science [32–35]. HA is a bio-compatible eco-
friendly material constituting 70% of human bones. It is
composed of calcium phosphate with the chemical formula
Ca10(PO4)6(OH)2. HA can act as a buffering reagent stabi-
lizing the pH of the corrosive medium and can also hinder
the diffusion of corrosive species onto the metal surface.
Consequently, HA potentially performs a dual function and
therefore can provide remarkable durable protection.

The chemical structure of HA can be tailored for parti-
cular applications. In this regard, some selected metal ions
can partially replace calcium ions within the HA matrix. For
enhanced corrosion resistance, Cr(III) can confer HA
advanced corrosion resistance properties. Continuous
hydrothermal synthesis represents a facile approach for the
sustainable fabrication of HA nanoparticles with controlled
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morphology [36–38]. Furthermore, this ongoing technology
can allow proper and controlled inclusion of different metal
ions within the HA matrix [39]. Trivalent chromium coat-
ings are considered a promising replacement for Cr (VI)
coatings [1, 40–42]. Cr(III) coatings have been developed
by the US military and have been unrestrictedly used as a
benign substitution for hexavalent chromium coatings
[43–45]. Although Cr(VI) traces were discovered in the
Cr(III) treatments, the amount of Cr(VI) was insignificant
(<0.1 wt.%) complying with the regulations of Registration,
Evaluation, Authorization and Restriction of Chemicals
[45]. In corrosion application, the main advantage of
introducing Cr(III) into the HA crystal structure is to control
interaction and extend the release of Cr within the sol–gel
matrix; in addition, HA molecules assist the corrosion
resistance properties of the silica sol–gel coatings
[31, 46, 47].

This study reports the facile synthesis of Cr-substituted
HA nanoparticles via a continuous hydrothermal process.
Herein, up to our knowledge, it is the first time to partially
replace Ca2+ with Cr3+ in the HA molecule via continuous
hydrothermal synthesis. Novel high-quality mono-dispersed
Cr-HA nano-rods of 20 nm width and 6 µm lengths were
developed. The uniform dispersion of Cr within the HA
matrix was verified via elemental mapping using EDAX
analysis. Cr-HA experienced the evolution of a new crys-
talline structure. Material Studio software was also applied
to confirm the replacement of the Ca atoms by Cr ones in
the hydroxyapatite molecules. Moreover, the anti-corrosion
properties of the prepared Cr-HA nanocomposite were
examined. Cr-HA nanocomposite was dispersed in a silica
sol–gel matrix forming a homogeneous coating. The
advantage of using silica sol–gel with Cr-HA is that both
components were dispersed in an aqueous alcoholic solu-
tion allowing the formation of a homogeneous matrix. The
corrosion performance of the Cr-HA/sol–gel coating was
evaluated as an active corrosion barrier to AA2024 in
artificial seawater. The corrosion inhibition performance of
Cr-HA containing sol–gel coating was assessed compared
to neat silica sol–gel coating.

2 Materials and methods

2.1 Materials and sample preparation

Aluminum alloy AA2024-T3 (Q-panel™ incorporation,
USA) was employed as the working electrode in corrosion
experiments. The dimensions of the rectangular-shaped
coupons were 12.5 cm, 2.5 cm, and 0.1 cm, respectively.
The surface of the coupons was abraded using 320, 600, and
1200 grit silicon carbide (SiC), washed with ethanol, and
subsequently rinsed in de-ionized water. Finally, the cleaned

coupons were dried at room temperature by a stream of
compressed air for 1 min and stored in a desiccator till use.

2.2 Corrosive solution

A corrosive aqueous solution of 3.5 wt.% NaCl (NaCl
purity ≥99.0%) was prepared to imitate the chloride-rich
environment. It is the most widely utilized electrolyte in
analogous investigations (e.g. ASTM G44 and G47)
assessing the resistance of aluminum alloys. In such a harsh
corrosive environment, the passive oxide layer formed on
the aluminum surface undergoes deliberate damage and a
localized corrosion attack takes place.

2.3 Synthesis of Cr-Hydroxyapatite

Hydrothermal processing offers a relatively straightforward
route for nanoparticle fabrication whereby mono-dispersed
nanoparticles of specific morphology can be easily developed
by precisely controlling the synthesis conditions. Precursors
for pristine HA synthesis included ammonium phosphate
dibasic ((NH4)2 HPO4; solution A) and calcium nitrate tetra-
hydrate (Ca(NO3)2.4H2O; solution B). HA was fabricated via
instantaneous mixing of 20ml/min superheated stream of
solution A (0.03M, 300 °C and 1 bar) with 10ml/min aqueous
stream of solution B (0.1M, 25 °C and 240 bars). The nano-
particles were continuously developed at the point where the
two streams met inside the counter-current reactor (R) (Fig. 1).

On the other hand, Cr-HA nanoparticles were synthe-
sized by partial replacement of Ca2+ with Cr3+. Chromiu-
m(III) nitrate nonahydrate (99%, Aldrich) was employed as
the precursor for Cr-substituted HA. The synthesis strategy
included the use of a mixed solution for stream B consisting
of 0.05M calcium nitrate tetrahydrate and 0.05M chro-
mium(III) nitrate nonahydrate.

2.4 Preparation of Cr-HA/Sol–gel coating

Neat Silica sol–gel coating was prepared according to our
previous method through acid-catalyzed hydrolysis fol-
lowed by condensation using epoxy (450–500 g/equiv.,
ISEPAC, Egypt) and GPTMS (aka GLYMO, Sigma
Aldrich, USA) as precursors [48]. The molar mixing ratio of
GPTMS, epoxy, and acetone was set to 0.09: 0.02: 5.0,
respectively. The prepared mixture was stirred at 60 °C till
the formation of a clear mixture, which was cooled down to
room temperature. To cure the solution, 3-aminopropyl
triethoxysilicate (APTES) and diethylenetriamine (DETA)
(Sigma Aldrich, USA) were then added at a molar ratio of
1:1 with respect to each other and with an overall molar
ratio of 0.4:1 to the GPTMS-epoxy mixture. After adding
the curing agents, the mixture was mechanically stirred for
6 h to ensure complete curing.
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Similar procedures were followed to prepare the Cr-HA/
silica sol–gel coating except for the addition of a definite
amount of the synthesized nanoparticles (around 2 wt.% of
the sample total weight). The added particles were uni-
formly dispersed into the GPTMS-epoxy mixture through
sonication for 30 min before adding the curing agents.
Finally, the prepared coatings were applied on the surface of
AA2024 coupons at a thickness of ≈6 ± 3 μm using a spray
coater. All coated samples were dried in an oven at 80 °C
overnight. Finally, the edges and back surface of the coated
samples were waxed using a melting mixture of calphony
and beeswax (1:1 wt.%) allowing the exposed area (work-
ing electrode) to be 7 ± 1 cm2.

2.5 Characterization

The morphology of the developed Cr-HA nanoparticles was
investigated via TEM (2100, Joel, Japan) and SEM (Zeiss
EVO-10, Germany). The latter was equipped with the energy-
dispersive X-ray (EDX) detector to investigate the composi-
tion of the samples. To examine the crystal morphology at
higher resolution and magnification, the SEM was operated on
both secondary electron and backscattered modes. Bruker D8
Advance X-ray diffractometer equipped with LYNXEYE
linear position-sensitive detector (Bruker AXS, Madison, WI)
was used to record the X-ray diffraction (XRD) patterns. Data
was collected over a 2θ-range of 5°–70° at an increment of

0.02° and a scanning rate of 0.2° s−1. In the diffractometer, a
Cu-Kα source (λ= 1.5406 Å) was operated at a tube voltage
and current of 40 kV and 40mA, respectively. A thin layer of
a powder sample was placed on a silicon crystal plate sup-
ported on a cup to record the patterns.

Fourier-transform Infrared (FTIR) spectra were con-
ducted using a full range scan (4000–400 cm−1) by Jasco-
4100 instrument. The background was taken into con-
sideration and both sample and background were measured
with a resolution of less than 4 cm−1. Averaged data were
calculated using 64 scans.

The crystal structure of the synthesized Cr-substituted HA
nanocomposite was determined using the Reflex module
available in the Materials Studio package (Version
20.1.0.2728, BIOVIA, USA) [49], along with QualX software
(Version 2.24) [50]. The procedure included two stages: first,
the experimental powder diffraction pattern was exported to
QualX software to search the database for reference patterns
(trial structure). Based on the average differences in peak
position and the average differences in peak intensity, the
candidate structure, which was pure hydroxyapatite with five
different Ca sites, was downloaded from Cambridge Crystal-
lography Open Database (COD) [51, 52]. The candidate
structure was exported to Materials Studio. In the second
stage, five trial structures were built by substituting one of the
Ca2+ ions, located at different lattice sites [Ca(1), Ca(2), Ca(3),
Ca(4), and Ca(5)], with Cr3+ ion. Rietveld refinement was

Fig. 1 Schematic for continuous
hydrothermal synthesis of
Cr-HA nanocomposite
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performed on each trial structure to find out the most probable
structure, that has a simulated pattern best matches the
experimental one [53]. In Rietveld refinement, the profile
parameters, cell parameters, and atomic coordinates were all
simultaneously refined. A pseudo-Voigt function for profile
shape and Finger–Cox–Jephcoat correction for asymmetry at
the low-angle region (up to 30°) were used.

2.6 Corrosion evaluation

Potentiostat/galvanostat (reference 600 Gamry™) was used
to perform the electrochemical corrosion experiments. EIS
experiments were conducted for metal working electrode at
room temperature using a fresh 3.5% NaCl aerated solution
with a volume/sample surface area ratio not less than
40 ml/cm2. A conventional three-electrode polarization cell
was used with coated AA2024 sample working electrode, a
platinum counter electrode, and a saturated calomel refer-
ence electrode (SCE). The EIS measurements were carried
out using an AC signal at OCP from 0.3 × 105 to 10−2 Hz
frequency range with amplitude of 10 mV peak-to-peak.

To guarantee the reproducibility of the results, every
experiment was conducted a minimum of three times at
room temperature (25 ± 2 °C). The electrochemical results
obtained from the experiments were graphed through the
utilization of Sigma-Plot software.

3 Results and discussion

3.1 Sample characterization

Transmision Electron Microscope (TEM) imaging process
was applied to assess the exact shape and average particle
size of the synthesized Cr-HA nanoparticles. Cr-HA
demonstrated the shape of nanorods (about 20 nm width
and 6 µm length as shown in Fig. 2. TEM micrographs
demonstrated homogeneity regarding both the shape and the
size of the nanorods; this can be correlated to the fixed
synthesis conditions.

SEM micrographs of the Cr-HA nanocomposite con-
firmed the development of high-quality mono-dispersed
nanorods (Fig. 3a, b). Elemental mapping via EDX detector
showed the uniform distribution of chromium ions within
the HA matrix (Fig. 3c). The distribution of the main ele-
ments (Cr, Ca, P, and O) within Cr-substituted HA nano-
particles. The elemental mapping manifested the uniform
distribution of Cr-HA main elements and the absence of any
foreign elements. Although, EDX analysis is a semi-
quantitative technique, the quantification of elemental
composition was conducted for a matter of comparison to
assess the degree of Ca replacement with Cr. EDX analysis
indicated that Cr/Ca ratio is ≈1:4 (Fig. 3d).

FTIR was performed for the prepared samples to inves-
tigate the interaction between the Cr-HA nanofiller and
silica sol–gel coating. Spectra of Cr-HA, neat sol–gel coat,
and Cr-HA/sol–gel coat were examined and compared as
depicted in Fig. 4. Identification of each sample was con-
ducted by investigating each precursor’s spectrum and
comparing it with reference structural bands.

Cr-HA nanoparticles displayed characteristic bands at
523 cm−1, and 1038 cm−1 that were attributed to the
asymmetric bending vibration of HPO4

2− and asymmetric
stretching of PO4

3− groups respectively [54, 55]. A strong
broad band at 3402 cm−1 refers to the stretching mode of
OH− in the sample [56, 57].

Silica sol–gel demonstrated bands at 2927 and
2869 cm−1 that were related to the symmetric stretching
vibration of the C–H bonds in the cured epoxy matrix, while
the band at 2927 cm−1 was attributed to the asymmetric
stretching vibration of the C–H bond [58]. Asymmetric
vibration mode at 950 cm−1 was related to Si–OH. In
addition, the noticed band at 3424 cm−1 might be assigned
to the OH group of Si–OH found in the uncondensed phase
or the hydroxyl group of the physically absorbed water in
the sol–gel matrix [59]. The main matrix precursor of the
silica sol–gel is essentially based on GLYMO which con-
tains Si–O–C in the epoxide ring that appears at
1200–1000 cm−1 band and also this range is referred to
Si–O–Si condensed phase [60, 61]. Cr-HA hybrid spectra
are highly matched with neat silica spectra, thus no che-
mical interaction took place, and the dominant component
in the Cr-HA hybrid is the silica sol–gel. This is consistent
with the percentage added amount of Cr-HA 2% to the
sol–gel matrix.

XRD diffractograms demonstrated the evolution of
highly crystalline material. The search match results of
QualX software revealed that the experimental XRD pattern
is similar to that of pure calcium hydroxyapatite (chemical
formula Ca5(PO4)3(OH), COD ID 7217892) [62], giving

Fig. 2 TEM micrographs of Cr-HA nanocomposite at different
magnifications
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FoM= 0.91. All characteristic peaks were matched with
those of the selected card indicating the absence of other
commonly coexisting phases (α-tricalcium phosphate or β-
tricalcium phosphate) (Fig. 5).

According to EDX results, the Ca/Cr atomic ratio shows
that Cr substituted one of the five Ca ions in the HA lattice. To
electroneutralize the excessive charge encountered by the Cr3+

ion, a mechanism was proposed analogous to the substitution

reaction of Eu3+ and Ca2+ in the hydroxyapatite crystal
structure, whereby the OH− transforms into O2− [63]:

Cr2O3 þ 2Ca2þ þ 2OH� ! 2CaOþ H2Oþ 2Cr3þ þ 2O2�

Unlike metal-substituted α- and β- tricalcium phosphate,
metal-substituted hydroxyapatite is less soluble and char-
acterized by a long-term release of metal ions [53].

According to the simulation results of Rietveld refine-
ment, the most perspective structure (with Rwp= 9.00%)
was obtained when Cr ion substituted Ca(1). Figure 6
compares both the experimental diffraction pattern and the
simulated pattern of the proposed structure.

The sharp peaks recorded in the XRD diffraction pat-
tern manifest the high degree of crystallinity of the syn-
thesized material. Moreover, the experimental and
simulated diffraction patterns were found to be in good
agreement implying the success of Rietveld refinement.
Table 1 displays the characteristics of the proposed
crystal structure.

Fig. 3 SEM images of the Cr-HA samples at different magnifications (a, b), Elemental mapping of Cr-HA nanocomposite (c), and quantification of
the elemental composition (d)

Fig. 4 FTIR spectra of (a) Cr/HA, (b) neat silica Sol–gel and (c) Cr-
HA/ sol–gel
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Cr-HA nanoparticles have a monoclinic crystal structure
and P 1 1 21/B space group. The cell has a volume of
1055.66 A3, a theoretical density of ~3.229 g/cm3, and
encloses four asymmetric units (each unit consists of four
Ca2+ ions, one Cr3+ ion, one O2− ion, and three PO3�

4

groups). Tables 2 and 3 list the refined profile parameters
and the atomic coordinates of the asymmetric unit,
respectively.

The coating thickness is very critical since it affects the
corrosion behavior of the coated metals particularly when
the coating is used as a pre-treatment. The coating thickness
was measured using Kett model LZ-330C, where the
thicknesses were 6 ± 3 µm for both coating systems. These
thicknesses were confirmed using SEM/EDX microscopy.

The cross-section SEM images of the Cr-HA sol–gel
sample are demonstrated in Fig. 7. It is obvious that the
coating thickness is ≈6 µm as shown in Fig. 7a. SEM
micrographs depict that the coating is free of voids and the
line scan across the coating clarifies that there is no dis-
tinguishable sharp edge between the metal/coating interface
as indicated in Fig. 7b–d. This may be relevant to the
development of covalent bonds between the silica sol–gel
coating and aluminum alloy surface as indicated in the
previous studies [64, 65]. As a result, the coating adhesion
increases, and its corrosion resistance improves [64, 65].

That bond would enhance the adhesion and bonding as seen
by SEM and indicated by line-scan EDX. The figure also
clarifies the distribution of intermetallic particles (IMPs)
within the Al matrix. The main aim of Fig. 7 is to clarify the
good adhesion between metal and coating which clarified
by losing the sharp boundary between coating and metal.

3.2 Corrosion performance

In an aerated chloride-containing environment, AA2xxx
(aluminum/copper) alloys are susceptible to pitting corro-
sion due to the heterogeneous composition of the surface
[66–69]. The surface heterogeneity arises from the existence
of intermetallic particles (IMPs), containing Cu, Mn, Fe,
and Mg. Since the corrosion potentials of IMPs are usually
higher than that of the base metal, micro galvanic cells are
formed [70]. The anodic site of the produced galvanic cell is
the aluminum matrix while the IMPs will represent the
cathode one. Oxygen reduction reaction would occur on the
surface of the IMPs (cathode), whereas the adjacent area to
these sites would experience severe corrosion [71, 72].
However, it is worth mentioning that the presence of such
intermetallic particles within the aluminum matrix, which
represent up to 3% of the alloy, improves the alloy’s
mechanical properties.

The corrosion protection of the coated samples was asses-
sed via electrochemical impedance spectroscopy (EIS). It is a
non-destructive technique commonly used to study the cor-
rosion kinetics of samples over the test course. The test was
performed for both neat and Cr-HA/sol–gel coatings during
their immersion in artificial seawater and was conducted based
on Bode plots for selective immersion time.

Silica sol–gel coating has been applied for corrosion
protection of AA2024 comprising active material acting as
inhibitor [26, 73, 74]. Compared to traditional inorganic-
based sol–gel coatings, hybrid sol–gel coatings are dis-
tinguished by their higher corrosion resistance and
mechanical properties. Normally, these coatings are applied

10 15 20 25 30 35 40 45 50 55 60 65 70

2θ

Fig. 5 XRD spectra of Cr-HA
nanocomposite

Fig. 6 Comparison between experimental and simulated diffraction
spectra
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at low temperatures to create a cross-linked film [26].
Usually neat silica sol–gel coating (without inhibitor) acts
as a barrier coating, but fails to protect metals from corro-
sion for long periods [75].

Regarding the neat silica sol–gel coated sample (Fig. 8),
the impedance showed a linear trend during the first few
hours of immersion with a slope approaching −1 over the
high-frequency range as shown in Fig. 8a. Such a trend
indicates a general capacitive behavior and implies a

hydrophobic nature of silica sol–gel coating [75–77]. The
coating exhibited a single-time constant at this stage. Later
on, the capacitive behavior changed to be resistive and the
total impedance at 10−2 Hz experienced a dramatic decrease
(one order of magnitude) after 24 h of immersion. More-
over, a new time constant appeared at the mid-frequency
range and continued to increase and shifted to the higher
frequency range. This response reflects the gradual diffu-
sion of the corrosive solution through the coating layer.

Two-time constants (at high- and mid-frequency ran-
ges) were clearly noticed during the early stage of
immersion as shown in Fig. 8b. The former corresponds
to the dielectric property of the porous silica sol–gel
layer, while the latter represents the barrier layer. The
peak position of the mid-range time constant shifted to
higher frequencies indicating the penetration of the
coating by the electrolyte [78, 79]. This behavior is due to
the porous properties of neat silica sol–gel coating
[80, 81] which represents a typical behavior of inactive
barrier coating. For any inactive barrier coating, after a
while of immersion in an aqueous electrolyte, the elec-
trolyte ingresses through the coating layer into the metal/
coating interface and finally affects the metal surface.

In this case of neat sol–gel coating, the electrolyte diffused
through the coating layer and water uptake increased as indi-
cated by the continuous decrease of impedance and increase of
the time constant in the mid-frequency range. After five days
of immersion, the electrolyte reached the metal surface and the
corrosion process started to occur resulting in the appearance
of a new time constant at the low-frequency range (metal/
coating interface).

In our previous work [75], similar behaviors and results
were obtained when silica sol–gel coating was applied on
the same alloy and immersed in a 3.5% NaCl solution. The
only difference was the coating thickness (15 ± 2 µm),
which extended the time of diffusion of the corrosive
electrolyte through it. Consequently, the pitting corrosion
was observed after a longer period (10 days) of immersion.
In another study, the same behavior of continuous
decreasing in the impedance during immersion of neat silica
sol–gel coated AA2024 was also perceived [82], even

Table 3 The atomic coordinates of the asymmetric unit of Cr-HA
nanocomposite

Atom name Coordinates [A°] Occupancy

X Y Z

Cr(1) 0.36139 0.59452 0.02326 1

Ca(2) 0.33633 0.58375 0.52753 1

Ca(3) 0.23352 0.24756 0.22880 1

Ca(4) −0.01552 0.62030 0.74278 1

Ca(5) 0.27258 0.37731 0.75421 1

P(1) 0.38482 0.43913 0.22256 1

P(2) 0.61996 0.26482 0.27108 1

P(3) 0.04683 0.45001 0.75701 1

Table 1 Characteristics of the
crystal structure of Cr-
substituted hydroxyapatite

Empirical formula Ca4Cr(PO4)3(O) Z 4

Crystal system Monoclinic Cell Volume [A°3] 1055.66

Space group P 1 1 21/B Density [g/cm3] 3.22917

a [A°] 9.40500 ± 0.00132 2θ Range [degrees] 8.00 – 90.00

b [A°] 18.83425 ± 0.00375 Step Size [degrees] 0.02

c [A°] 6.87308 ± 0.00069 Step Scan Time [s] 10

α [A°] 90.00000 No. of Reflections 861

β [A°] 90.00000 Final Rp 6.19%

ɤ[A°] 119.87705 ± 0.01600 Final Rwp 9.00%

Table 2 Refined profile parameters of Cr-HA nanocomposite

FWHM

U 0.32481 ± 0.04767

V −0.11429 ± 0.03413

W 0.07022 ± 0.00642

Profile: Function: Pseudo-Voigt

NA 0.04277 ± 0.006640

NB 0.00000 ± 0.00171

Line Shift: Instrument Geometry: Bragg–Brentano

Zero Point −0.08133 ± 0.00358

Asymmetry Correction: Finger–Cox–Jephcoat
2θ Limit: 30 (degrees)

H/L 0.01175 ± 0.00209

S/L 0.01119 ± 0.00204
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though, the silica coating was applied as post-treatment
(sealant) for the plasma electrolytic oxidation.

Also, the corrosion resistance of a neat silica sol–gel
coated AA2024 showed a gradual decrease in artificial
acidic rain [26]. Despite the same range of the initial
impedance values with our current study, the coating
withstood a longer time in the immersion test.

This corrosion behavior was characterized by the
appearance of dark spots on the coating surface, (Fig. 9a)
which turned into brown color after ten days of immersion
(Fig. 9b). This observation confirms the EIS results indi-
cating the commencement of pitting corrosion and dete-
rioration of the coating.

The EDX elemental mapping of the surface of the
sol–gel coated sample after 15 days of immersion in 3.5%
NaCl aerated solution is shown in Fig. 10. The mapping
clearly shows that the pitting occurs in the vicinity of the
IMPs sites.

Although the corrosion behavior of both Cr-HA /sol–gel
and neat sol–gel coated samples was similar during the first
24 h, the former behaved differently during the rest of the
immersion course as shown in Fig. 11a. The total impe-
dance showed a sharp drop in the early stage of immersion

(from 2MΩ.cm2 to 0.8 MΩ.cm2) with a single time constant
that moved to a higher frequency range as shown in
Fig. 11b. In addition, the capacitive behavior of this coating
changed to a resistive one during the early stage of
immersion. The impedance values at the mid and high-
frequency ranges continuously decreased during the first
few days of immersion. This behavior occurred due to the
increase in electrolyte uptake and is associated with the shift
of the time constant from the mid to the high-frequency
range. However, after three weeks of immersion, the water
uptake reached equilibrium and the coating could not intake
more electrolyte as indicated by the stability of the time
constant.

On the contrary to neat sol–gel, it showed a continuous
capacitive performance over the low-frequency range and
this behavior lasted till the end of the test (110 days).
Generally, the total impedance, |Z| values at 10 mHz, of
the Cr-HA/sol–gel coated sample is not so different from
that of the neat. Actually, the amount of Cr-HA is 2%
within the sol–gel coating matrix which did not markedly
affect the coating thickness; consequently, it would not
affect the total impedance of both coating systems. With
contentious immersion, the barrier properties of the
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AA2024 IMPs 
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Fig. 7 SEM images of (a) Cr-
HA/sol–gel cross-section coated
AA2024 samples with their (b)
Al, (c) Si elemental EDX
mapping, and (d) EDX line
analysis
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coating decreased and the effect of active material
(Cr-HA) was clarified. It seems that there are two over-
lapped time constants over the low-frequency range. By
increasing the immersion time, these two time constants
become separated. The two time constants appearing
around 0.1 Hz and 3 Hz represent the coating/metal and
coating/electrolyte interfaces, respectively. The former
time constant steadily moves to a higher frequency and its
peak slightly decreases as immersion time increases. This

behavior suggests the formation of an interfacial layer at
the coating/metal interface which improves the corrosion
resistance of the coated sample [72]. Although the
impedance at both mid- and high-frequency ranges was
slightly reduced, the total impedance (|Z| at 0.01 Hz)
remained almost unchanged throughout the entire
immersion time.

The optical examination of the Cr-HA/sol–gel coated
sample showed no signs of corrosion or delamination
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during the test period (Fig. 12). Also, Supplementary Fig.
S1 showed the SEM image of the coated surface after
immersed in the corrosive solution for 5 days where no sign
of corrosion were appeared.

With reference to our previous study [31], it turns out
that incorporating Cr-HA nanoparticles into a silica sol–gel
matrix can offer extended corrosion protection to neat silica
sol–gel coating. It is known that HA improves the corrosion
resistance of AA2024 in artificial seawater. The nanoplates
geometry of HA crystals seems to play a key role in
increasing the barrier property of silica sol–gel coating.
Moreover, the incorporation of Cr into the HA crystal
structure has an additional impact on the corrosion resis-
tance of AA2024 in the same corrosive electrolyte. The
active mechanism of the Cr-HA/silica sol–gel coating will
be discussed in the following part.

For a better understanding of the corrosion protection
mechanism of Cr-HA/sol–gel coating, the corrosion
mechanism of AA2024 should be discussed in advance.
As mentioned before, the presence of intermetallic par-
ticles (IMPs) in AA2024 aluminum alloy, similar to that
presented in Fig. 7a, leads to improved mechanical
properties. Unfortunately, these particles negatively
affect the corrosion behavior of the alloy by altering the

homogenous potential of the alloy’s surface [66, 67].
This alloy is usually prone to pitting corrosion in aqueous
chloride solution and the pitting degree is governed by
the intermetallic particles’ nature [70]. Generally, under
open circuit conditions, the S-phase, Al2CuMg, particles
have less potential than that of the base metal due to the
presence of highly active magnesium metal. Accordingly,
Mg selectively dissolves leaving high potential particles
(typically copper) representing the cathode sites where
the reduction reaction of oxygen occurs. The oxidation
reaction (Al matrix dissolution) takes place as con-
secutive reactions forming a soluble complex (Al(OH)
Cl+) [83].

Alþ 3H2O ! Al OHð Þ3þ3Hþ þ 3e� ð1Þ

Alþ 2H2O ! AlO OHð Þ þ 3Hþ þ 3e� ð2Þ

2Al3þ þ 3H2O ! Al2O3 þ 6Hþ ð3Þ

Al OHð Þ2þ þCl� ! Al OHð ÞClþ ð4Þ

Meanwhile, oxygen undergoes reduction at the cathodic
sites (IMP) producing OH– which would increase the local

(a) (b)

1 cm

Fig. 9 Optical image of sol–gel
coated AA2024 after (a) 6 days
(b) 12 days in 3.5% NaCl

Al Si

MgFe

10μm

Fig. 10 EDX elemental mapping
sol–gel coated AA2024 samples
after 15 days of immersion in
3.5% NaCl solution
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pH and also form some intermediates such as H2O2:

1=2 O2 þ H2Oþ 2e� ! 2OH� ð5Þ

O2 þ 2H2Oþ 2e� ! H2O2 þ 2OH� ð6Þ

The reduction potential of H2O2 is greater than that of O2

(1.76 V and 1.23 V vs SHE respectively). Consequently,
any oxidation reaction would take place nearby the H2O2

production sites, i.e. IMPs. The produced H2O2, localized

around the Cu-rich IMP, would partially oxidize Cr(III)
atoms within HA-Cr nanoparticles forming Cr(VI) [84, 85].
Generally, chromium [Cr(III,VI)] is present as mixed
chromates and/or oxides, accounting for the stability of the
coating. Li et al. [86] proposed that chromates diffused onto
the corroded sites forming a passivating layer. In addition,
the buffering action of HA particles stabilizes the pH over
the AA2024 surface and controls the local dissolution of the
aluminum matrix [87, 88]. As a result, the autocatalytic
mechanism of pitting corrosion can be greatly impeded.
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The EIS data were interpreted by two methods; evalu-
ating the low-frequency impedance values obtained from
the spectra, and modeling the protective coating using an
equivalent circuit. The process of fitting the EIS data with
equivalent electrical circuits supports the comprehension of
the corrosion mechanism. According to Akid et al. [89, 90],
silica sol–gel coating forms two layers when applied on an
AA2024 substrate; an outer layer and an inner nano-
interfacial layer bonded to the surface. In this context, the
equivalent circuits shown in Fig. 13a, b are used for
simulation and fitting the obtained EIS data of the coated
AA2024 before and after immersion. The proposed
equivalent circuit consists of the following: (i) a solution
resistance (Rs); (ii) a sol–gel layer consisting of a coating
capacitor (Co) in parallel with a resistance (Ro) representing
the pores or defects in the sol–gel coating layer and (iii) an
inner layer represented by a capacitor (Cc) in parallel with a
resistance (Rc). After 5 days of immersion, the electrolyte
continues to diffuse through the silica sol–gel coating layer
and finally reaches the metal/coating interface yielding an
impedance decrease over the entire frequency range. Fol-
lowing immersion, and in the presence of active species,
such as Cr, the corrosive solution reaches the metal surface
forming a protective passive layer which can be represented
by a capacitor (Cp) and a resistance (Rp) connected in par-
allel. In the above plots, the phase angle does not reach 90°,
therefore, constant phase elements (CPE) were used instead
of pure capacitances to obtain good agreement between the

simulated and experimental data. The impedance of CPE
was calculated according to the following equation;

ZCPE ¼ 1
jωð ÞnQ

where Q is the parameter related to the electrode
capacitance (F.s n−1/cm2), n is the constant phase exponent
(0 < n < 1) related to the deviation of the straight capacitive
line from 90°, j is the imaginary number ðj ¼ ffiffiffiffiffiffiffi�1

p Þ and ω
is the angular frequency (ω= 2πf, f is the frequency) [91].

The fitting parameters of the EIS tests for the Cr-HA/
sol–gel coated AA2024 following immersion in 3.5% NaCl
solutions are represented in Supplementary Table S1. The
table also contains the discrepancy between the model and
the expiremental data (Chi- square) from the Nyquist plots.
Moreover, a comparison of selected experimental and
modeled data of the EIS tests is given in Supplementary
Fig. S2.

The results of experimental data fitting are displayed in
Fig. 14a–c. After a few hours and up to five days of
immersion, the coating layer resistance sharply decreased
(both the inner and outer layer resistance lost about one
order of magnitude) whereby the corrosive solution started
to break through the coating layer without reaching the
metal surface thanks to the sol–gel barrier properties. After
five days, the electrolyte continued to diffuse through the
coating and reached the metal surface where a reaction
between the coating, metal, and electrolyte took place.
Correspondingly, a new protective layer is formed at the
coating/metal interface resulting in the recovery of part of
the resistance of the sol–gel layer. The metal continued to
be protected by both the coating barrier properties and the
formed protective layer which maintains stable impedance
values over this long course of immersion.

The performance of the protective coating can be also
evaluated via studying the breakpoint frequency (ƒb) which
is correlated to the delaminated areas of organic coatings
[92, 93]. The breakpoint frequency has a direct relation to
the electrochemically active surface area [94] and conse-
quently, ƒb is a useful parameter to assess the degradation of
the organic coatings. Its increase with immersion time
usually refers to the seepage of the electrolyte to the metal
surface. The breakpoint frequency can be taken as the fre-
quency at a 45° phase angle [93, 95, 96].

Fig. 13 Fitting equivalent
circuits of the EIS data before
5 days (a) and after 5 days (b) of
immersion in 3.5% NaCl
solution

Fig. 12 Optical image of Cr-HA/sol–gel coated AA2024 samples after
immersion in 3.5% NaCl solution for 110 days at room temperature
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The change of ƒb with exposure time for both neat and
Cr-HA sol–gel coatings is shown in Fig. 15. The figure
shows that ƒb of both sol–gel coatings shifted to higher
frequencies during the early stage of immersion. This
behavior is attributed to the increase of coating penetration
by aqueous electrolyte resulting in the reduction of impe-
dance and finally coating degradation. As time elapsed, the
interaction of the electrolyte with the metal substrate
underneath the neat sol–gel coating causes corrosion.
However, due to the presence of Cr-HA in the sol–gel
coating, no corrosion products appeared and ƒb values
remain almost constant over 110 days of immersion.

Although the electrolyte reached the bottom layer of Cr-HA
sol–gel coating, it interacted at the interface forming a stable
passive layer preventing the corrosion process. Owing to the
activity of Cr (III) within Cr-HA incorporated into the
coating, a compact passive film is produced at the pene-
trated coating/metal interface.

The earlier section clearly revealed that the Cr-HA
nanoparticles within the sol–gel matrix significantly
enhanced the corrosion resistance of AA2024 in artificial
seawater. The presence of Cr(III) within the sol–gel coating
reduces the cathodic reduction reactions (oxygen reduction
reaction). The chromate species precipitated on the cathodic
(IMPs) sites as a result of Cr (III)/metal interactions. This
precipitation forms a stable film decreasing the galvanic
current of the metal surface [97]. The mass transfer rate of
Cr species from the coating matrix to the IMPs surface is
considered the rate-determining step forming the film [98].
This chromate film can impede the adsorption of oxygen on
the IMPs resulting in a noticeable corrosion hindrance in
this aqueous 3.5% NaCl solution [99, 100].

3.3 Evaluation of active corrosion protection on
artificially damaged substrates

Cr-HA/sol–gel coated sample was scratched to investigate
the self-healing capability of the coating using the EIS
technique for assessment. The coated sample was immersed
in a 3.5% NaCl corrosive solution for three days and the
EIS measurement was conducted. After that, the sample was
scratched using a razor, immersed in the corrosive electro-
lyte, and retested over a selected period. The impedance
curve, Fig. 16a, shows that the impedance value of the
coated AA2024 sample sharply decreased after scratching
and lost about one and a half orders of magnitude after one
min because of the direct exposure of the metal surface to
the electrolyte. As the immersion time increased, the

Fig. 14 Outer layer Cr-HA/sol–gel coating resistance and capacitance
(a) interfacial layer resistance and capacitance (b) and passive layer
resistance and capacitance (c) following immersion in 3.5% NaCl
solutions

Fig. 15 Changing of breakpoint frequency, ƒb, of coating systems with
immersion in 3.5% NaCl solution
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impedance began to be retrieved as shown in Fig. 16a. Also,
the phase angle of the scratched coated sample, Fig. 16b,
showed a single time constant at the mid-frequency range
which became more capacitive over time. In addition, the
sample did not show any time constant at the low-frequency
range (which represents the corrosion process) after
scratching the coated metal. These findings indicate that Cr-
HA/sol–gel coating might offer a prospective self-healing
aspect for AA2024 coated substrate.

4 Conclusions

The continuous hydrothermal synthesis technique offers a
facile route to replace the calcium atom in the hydro-
xyapatite molecular structure with another different atom. In
this study, Cr(III) replaces one-quarter of the Ca atoms in
the HA molecules. The prepared Cr-HA material has a
needle-shaped crystal that uniformly comprises Ca, P, Cr,
and O atoms indicating the creation of the novel Cr-HA
molecule. In addition, computational software study and

analysis confirm the replacement of the Ca atom by the Cr
atom in the hydroxyapatite molecules. Neat silica sol–gel
coating is an inert barrier that cannot protect AA2024 in
chloride-containing electrolytes. However, composing the
sol–gel coating with Cr-HA molecules provides a matrix
that is appropriate for extended corrosion protection of
AA2024 in artificial seawater. Electrochemical investiga-
tion and optical observation suggested the formation of an
interfacial protective layer that is responsible for the
extended corrosion resistance. The proposed mechanism of
protection is suggested to occur via Cr(III)/Cr(IV) redox on
the substrate surface. Also, HA molecules have a buffering
action stabilizing the surface of the substrate. Finally, the
scratch test showed that the Cr-HA material may propose
corrosion protection property for AA2024.
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