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ABSTRACT

ARTICLE INFORMATION

In this research, the 80S bioactive glass with different Ca/P ratios was prepared by the sol-gel route. Scanning Atrticle history:

electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS), Received 25 August 2020

X-ray diffraction (XRD), and Fourier transforms infrared spectroscopy (FTIR) were used to study the apatite Received in revised form 09 September 2020

structure and shape. According to the results, the 78SiO>—17P20s-5Ca0 bioglass showed a higher rate of crys- Accepted 14 September 2020

talline hydroxyapatite (HA) on its surface in comparison with the other bioglasses. After 3 days of immersion in
the SBF solution, spherical apatite was formed on the 78Si02>—17P-0s—5Ca0 surface, which demonstrated high Keywords:

bioactivity. A statistically significant promotion in proliferation and differentiation of G292 osteoblastic cells was Bioactive glass

also observed. Regarding its optimal cell viability and bioactivity, the 78Si0>-17P20s-5Ca0 bioactive glass could 80S

be offered as a promising candidate for bone tissue applications.
©2020 jourcc. All rights reserved.

Peer review under responsibility of jourcc

Ca/P ratio
Hydroxyapatite

1. Introduction

As aresult of bone infections, cancer removal, an injury, or other dis-
ease, millions of people suffer from bone failure or loss annually. Bone
is able to repair itself when damages are minor, however, in the case of
pathological fractures or massive defects, it fails to regenerate [1, 2]. In
these cases, most common therapy techniques are permanent implants
or implantation of bone grafts. The main drawbacks of the commonly
applied methods in bone surgery include corrosion and cytotoxicity of
metallic objects, shortage of donors, wearing of synthetic materials, and
risk of infection in transplantation cases [3-6].

Glass materials play a significant role in permanent and biodegrad-
able implants [7, 8]. Due to their ability to form HA as the main mineral
of bone, BGs are suitable materials to be used for bone regeneration [9,
10]. They also can create a strong bond with both soft tissues and bone,
and hence their osteoconductivity has been proven [11-13]. BGs are par-

ticularly advantageous for repair and replacement of damaged bone in

* Corresponding author: Amir Modarresi Chahardehi; E-mail: amirmch@gmail.com
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0)

https://doi.org/10.29252/jcc.2.3.1

tissue engineering, owing to their high bioactivity and biocompatibility
[14,15].

BGs mainly contain P,0,, SiO,, and CaO enabling a HA layer for-
mation on their surfaces. This layer improves the binding of BGs with
bones. SiO, is an important network forming constituent in the glass
structures [16]. Furthermore, it is able to promote the cell functions by
releasing Si ions into cell culture media, and nucleation of calcium phos-
phate phase is facilitated by P,O; on the glass surface [5, 6].

Since 1991 when a sol-gel method was developed for the synthesis
of bioactive glasses, various compositions of glass samples have been
produced by this technique at low temperatures [17-19]. Various bioac-
tive compositions can be prepared to achieve great degradation/resorp-
tion behavior and bone-bonding rates because of the high porosity and
surface area of the prepared sol-gel glasses_[20-22]. Using the sol-gel
processing routes for the production of BGs has been suggested by pre-
vious investigations and it has been reported that the production of novel
BGs with a variety of chemical compositions is possible [11, 23, 24].

Lin et al. [20] prepared 80SiO,~15CaO-5P,0; glass powders by the
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Fig. 1. TEM image the powders after the preparation by the sol-gel route.

sol-gel method. They found that mixing phosphoric acid (PA) with the
glass powders exhibited positive effects on the decrease of the dentin
penetration and occlusion of the dentinal tubule. Mixing 80S-BG with
appropriate PA demonstrated good operability and short reaction time,
which makes it feasible to occlude dentinal tubules.

This research aims to prepare 80S BGs with different Ca/P ratios via
a sol-gel method. Subsequently, the formation of the hydroxyapatite on
the surfaces of the bioactive glass is evaluated using the XRD, FTIR,
SEM, and EDX analyses. The potential of the samples in cell prolifera-
tion is also studied.

2. Materials and Methods
2.1. Materials

To synthesize the bioactive glasses, calcium nitrate tetrahydrate
(Ca(NO,), 4 H,0), Triethyl phosphate (TEP, (C,H,),PO,), and Tetraeth-
yl orthosilicate (TEOS, Si(OCH,CH,),) with high analytical grades were
used. All materials were obtained from Merck Company.

2.2. Synthesis of bioactive glass

The composition of the studied 80S-BGs were 78% Si0,-17% CaO-
5%P,0, (BG-5P), 78% SiO,-16% Ca0-6%P 0, (BG-6P), and 78% SiO,-
18% Ca0-4%P,0, (BG-4P) in mol.%. To synthesize the samples, TEP,
Ca(NO,),.4H,0, and TEOS were dissolved at room temperature. TEOS
was first mixed with nitric acid to obtain a diluted and clear solution.
Under constant stirring, calcium nitrate and TEP were then added to the
solution. The addition of reagents was carried out sequentially and the
time for the complete reaction of each reagent was 40 min. To form the
gel, the mixture was stored at room temperature for 9 days in closed
containers. Drying of the formed gel was conducted in two stages at 80
°C for 72 h and 130 °C for 24 h. In order to eliminate residual nitrate and
all organic substances, the dried material was heated to 750 °C for 2 h.

2.3. Bioactive glass Characterizations
2.3.1. TEM analysis

One of the applicable tools for the analysis of the nanomaterial mi-
crostructure is TEM. In this research, to study the obtained glass parti-
cles, TEM (CM200-FEG-Philips) with the acceleration voltage of 200
kV was employed. To observe the glass particles, the particles were de-
posited on Cu support grids from a dilute suspension in ethanol.

2.3.2. XRD analysis

The determination of the formed phases in BG and HA structures
was carried out by X-ray diffraction (INEL Equinox 3000) in 26 between
20° to 90° using the CuKa radiation. The characteristics of the analysis
were tube electric current=30 mA, tube voltage=40 kV, scanning speed
= 2°/min, and wavelength A=1.540510 A.

8.4
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—A— BG-4P
7.4 == BG-6P

0 3 6 9 12 15 18 21 24
Time (day)

Fig. 2. Change of pH during 21 days of soaking in SBF.
2.3.3. FTIR analysis

To evaluate the formation of hydroxyapatite, FTIR spectrometer
(Bomem MB 100) was employed to determine the functional groups
present in glass powders. The powders were blended with potassium
bromide (KBr) while the blending ration was 1:9. Using a hand press,
discs with the diameters less than 6 mm were produced from the blended
powders. Recording of FTIR wave numbers was performed in the range
of 4000 to 400 cm’!.

2.3.4. MTT assay

To study the biocompatibility of BGs, the proliferation of G292
osteoblastic cells on the samples was studied by 3-(4, 5-dimethylthi-
azol-2-yl)-2, 5-diphenyltetrazolium bromide (MMT) assay. The cell line
was obtained from Pasteur Institute (the National Cell Bank of Iran).
Cell culture was performed under standard culturing conditions and the
cultured cells were maintained in 90% moisture for 24 h at 37 °C. A 96-
well plate was used for seeding the cells. The cultured osteoblastic cells
were seeded at a density of 6x10° cells/well and maintained for 1 day
for attachment. The related absorbance measurements were carried out
at a wavelength of 570 nm with a multi-well microplate reader (BioTek
Instruments). Three readings were done for each specimen.

2.3.5. Simulated body fluid (SBF)

One of the easiest methods for the biomineralization study of BGs is
the SBF test. It is also quick and cost-effective. This test can appropriate-
ly simulate the osteo-production conditions, which exist in osseous tis-
sue. Also, it is suitable for bioactivity investigation of materials and the
contributing bone-bonding mechanisms [5]. The ionic concentration and
composition of SBF are similar to human body plasma (Na,HPO,, Na-
,S0,, CaCl,, HCI, MgCl,, KCl, NaHCO,, NaCl, and (CH,0OH),(CNH),
as the buffering agent). The prepared solution buffered at 37 °C with 1 N
HCl solution and TRIS (trishydroxymethylaminomethane) at pH = 7.25.
The 80S bioactive glass powders were immersed in the prepared SBF at
37°C for 3, 7, and 14 days. The concentration of the immersed powders
was 1.5 mg of powder per milliliter of the solution. The powders were
filtered and dried after the determined time.

2.3.6. SEM-EDS

SEM and EDS were employed for the evaluation of the composition
and morphology of the bioactive glasses before and after the bioactivity
tests. The reaction between the solution and bioglass powders resulting
in the surface evolution was studied. The acceleration voltage was 15 kV

and the samples were gold-coated before the analysis.
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Fig. 3. XRD patterns of BGs after soaking in SBF for 21 days.

3. Result and discussion
3.1. TEM analysis of as-prepared samples

Fig. 1 depicts the TEM image of the as-prepared powder of BG-5P.
The TEM image shows the formation of bioactive glass nanoparticles
with the irregular-round shape. The diameter of the nanoparticles is be-
tween 40 to 60 nm.

3.2. pH analysis

Fig. 2 illustrates the changes in the pH value of SBF during 21 days
of soaking. According to the literature, the pH evaluation of the SBF
solution after the immersion can determine the process of HA formation.
A similar trend was observed for all the samples. As seen, a remarkable
increase in pH occurred for the BG-5P after 7 days. It indicated that
cationic ions dissolved in the solution from the surface of BG. The silica
network of the glass was attacked by the solution at high pH. After 7
days of immersion, the pH started to decrease revealing the absorption
of calcium and phosphate ions from SBF. Therefore, it demonstrates the
increase in hydroxyapatite formation on the surface of BGs.

3.3. XRD analysis

After 21 days of soaking, the structure of BGs was studied by XRD
and the results are presented in Fig. 3. As illustrated, the peaks attributed
to the presence of crystalline HA were observed. The diffraction peaks
at 20 of 32° are related to the (211) plane of crystalline hydroxyapatite
confirming the formation of HA on the samples after 21 days of soaking
in SBF. Moreover, the intensity of this peak is higher in BG-5P in com-
parison with other samples indicating the higher tendency of BG-5P to
form hydroxyapatite on the glass surface. This might be due to the Ca/P

ration. In this bioglass, this ratio is 1.7, which is close to the Ca to P
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Fig. 5. FTIR spectra for bioactive glass powders after immersion in SBF.
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Fig. 4. XRD patterns of BG-5P after soaking in SBF for 3, 7, 14, and 21 days.

ratio in the structure of human bone. The similar intensity was observed
for BG-4P and BG-6P. Fig. 4 demonstrates the XRD patterns of BG-5P
after soaking in SBF for 3, 7, 14, and 21 days of immersion in the SBF
solution. As seen, the intensity of the peaks related to the formation of
crystalline HA increased with the soaking time showing that more hy-
droxyapatite crystals were formed on the samples’ surface.

3.4. FTIR analysis

Figs. 5 and 6 illustrate the FTIR spectra of the bioactive glasses after
14 days of immersion and Fig. 5 depicts the FTIR spectra of BG-5P
during 14 days. As shown, two peaks appeared at 1455 and 870 cm™
after 3 days. These peaks are related to carbonate (C—O stretching)
groups. The spectra of BG-4P, BG-5P, and BG-6P showed Si-O bending
vibration band at 476 cm™!, Si-O symmetric stretching band at 798 cm™,
Si-O-Si asymmetric stretching band at 1000-1250 cm™', C-O group
asymmetric bending vibration band at 874 cm™ and C=0 asymmetric
stretching bands at 1652 cm™'. Peaks appeared at 568 and 602 cm™' show
the bending vibrations of P-O bonds related to the crystalline hydroxy-
apatite in all glass samples. The wavenumbers of 1056, 605, and 565
cm’' reveal P—O bending vibrations. Amorphous hydroxyapatite is pre-
sented by the broad bands around 1056 cm™ attributed to P-O bending
vibrations. The obtained results exhibit the HA growth on the surfaces
of the bioactive glasses. The intensity of the peaks is higher in BG-5P
revealing the higher amount of HA formation on the surface of the glass.
The spectra obtained from the glass in Fig. 6 exhibits that the amount of
HA increased by increasing the soaking time.

3.5. Morphology of HA

Fig. 7 illustrates SEM micrographs of the bioglass samples after 21
days of immersion. Full coverage of the surfaces with HA crystals can be
observed for all the samples after 21 days. The formation of HA on the
bioglasses was also confirmed by the FTIR and XRD analyses. Fig. 7a
shows the irregular shape of HA phase, while the hydroxyapatite crystals
on BG-5P had both irregular and spherical shapes. The HA layer on BG-
6P has mostly spherical shapes. The HA crystals show smaller size and

7 days

_/w_///\/\m//\
Mﬁ__/\/‘/\/\/‘/\

Absorbance (a. u.)

3400 2400 1400 400

Wave number (cm'')

Fig. 6. FTIR spectra of BG-5P after immersion in SBF.



A. Bakhtiari et al. / Journal of Composites and Compounds 2 (2020) 110-114 113

SEMMV: 150KV | WD: 10.40mm MIRA3 TESCAN|
.00 kx wm

RMRC FESEM

H

| IS

¢ @n o 9
SEMHV 150KV | WD: 1041 mm MIRA3 TESCAN|

SEM MAG: 100 kx m
View fleid: 20.8 ym_ Date(mialy): 09130110 RMRC FESEM

(2]

keV

5

Fig. 7. FSEM images of the glass samples after immersion for 21 days; a) BG-4P,
b) BG-5P, ¢) BG-6P, and d) EDX analysis of BG-5P.
higher dispersity compared to other samples.
EDX analysis of BG-5P after immersion in SBF for 21 days is
demonstrated in Fig. 7d. It is confirmed that hydroxyapatite has been
successfully formed on the surface of BG-5P.

3.6. Cell viability

Fig. 8 shows the results of the viability test during 7 days. The results
indicated that not only the bioactive glass samples were not toxic but
also enhanced the cell growth. The cell growth increases by the cultur-
ing time for all the samples. However, the BG-5P exhibited higher cell
growth compared to the other BGs. This could be due to the optimal
Ca/P the sample close to the ratio of human bone. Various biological
processes, such as cellular chemotaxis, apoptosis, and differentiation
are regulated by extracellular calcium and a calcium-sensing receptor
(CaSR). Several studies have indicated that the stimulation of collagen
synthesis and proliferation is mostly related to Si contact. Thus, it could
be assumed that Si plays a significant role in stimulating angiogenesis,
while Ca just helps this process [25].

4. Conclusions

In this research, 80S bioactive glasses with different Ca/P ratios were
synthesized using the sol-gel route. The formation of the hydroxyapatite
layer was confirmed by the FTIR and XRD analyses after soaking in
SBF for all the samples. The results showed that the HA formation rate
of BG-5P was higher in comparison with the other two samples. This
might be due to the optimum Ca to P ratio close to the Ca to P ratio in
human bone composition. The SEM images illustrated the formation of
the hydroxyapatite layer on the surfaces of all bioglass samples after im-
mersion for 21 days. The results showed a denser layer with smaller size
crystals for BG-5P. Significant cell growth was observed in the MTT
in vitro test, while the highest cell viability was related to BG-5P. The
results offer this bioactive glass as a promising material for repairing
bone defects.
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1. Introduction

Nowadays, many efforts have been made to expand the application
of aluminum, its alloys and its composites [1-4]. In this regard, surface
optimization of Al and its alloys by using easy, low-cost, and environ-
mentally friendly methods is one of the most important fields of research
[5-7]. Most surface engineering methods used in this regard are either
costly (such as CVD methods, gas plasma, hot-dipping, and all vacu-
um-based methods) or they cause environmental problems (viz. anodiz-
ing methods or surface conversion coatings like chromate coatings) [8-
11]. The oxidation method, unlike anodizing methods, is an eco-friendly
method due to the use of alkaline solutions. In addition, by using the
plasma electrolytic oxidation (PEO) method, creating thicker and more
continuous coatings on the aluminum surface is possible [12-15]. PEO
is a low-cost method among surface engineering techniques due to the
creation of plasma in the electrolyte environment without requiring spe-
cial conditions such as a vacuum or high temperature, and the use of
simple and inexpensive salts [16]. By using the electric discharge and
an electric arc generation at the metal/solution interface, it is possible to
apply coatings with various properties and structures by controlling the
electrical and electrolytic parameters. These advantages have attracted
attention in industrial applications [17]. Coating of aluminum as well as
its composites, and the deposition of hybrid and composite coatings on
aluminum can be conducted by the PEO method.

PEO is a process for the chemical conversion of a metal surface into
a hard oxide coating [18]. Aluminum is widely used in the aerospace

and automotive industries due to its properties such as high corrosion
resistance and high strength to weight ratio. However, the short-comings
such as low hardness, low wear resistance and also high friction coeffi-
cient, have limited the use of aluminum alloys [19]. When the PEO layer
is applied on the surface of aluminum, AL, O, coating is formed on the
surface of the sample, which causes good performance [20], high ther-
mal resistance [21], and good dielectric properties in the sample [22, 23]

Al O, compound is chemically stable and its melting temperature is
as high as 2054 °C [24-27]. Therefore, it can be used in high temperature
applications. Due to high hardness, strength and abrasion resistance of
AlO,, this material is offered as a promising material for catalysts and
biological implantation [28, 29].

Recent research in the field of PEO coatings has focused on con-
trolling the structure and morphology, stress level control, and the re-
duction of crack networks. In this research, the coating defects including
porosity and crack networks are controlled by adjusting the electrical
parameters to obtain improved properties for PEO aluminum coatings.

2. Materials and methods
2.1. Materials

In this research, 2025 aluminum sheet with a thickness of 4 mm,
made by Arak Rolling Co, Iran, was used. The Al alloy contained 0.23%
Si, 0.6% Fe, 0.22% Mg, 0.11% St, and 0.03 % Sn. Aluminum specimens
with dimensions of 4x20x20 mm were cut. The surfaces of the samples
were sanded with silicon carbide sandpapers up to the grit number of
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Fig. 2. SEM image of (a) surface and (b)
cross-sectional area of sample 2 coated in elec-
trolyte solution containing 2.5 g/l potash, 10 g/
sodium silicate and 8 g/I tetra sodium pyrophos-

phate under 500 V and duration of 10 min.

1800. Then, the samples were washed by ultrasonic method in pure eth-
anol and distilled water, dried in air before the PEO process.

2.2. POE process

First, the PEO coating was applied to the aluminum surface for 10
minutes at a potential of 500 V. After reaching the potential of 500 V,
the current density was about 2.5 A/m?. Then, the electric current grad-
ually decreases during the process due to the formation of coating and
its thickening.

In the pulse method, the ignition voltage is lower than the constant
DC method, and due to the high intensity of the electric arcs, it is prac-
tically impossible to reach the potential of 500 V in the pulse method.
Therefore, the value of electric current was considered as a controlling
parameter instead of the potential value. In other words, the potential
increased until the current reaches 7 A. Once this current was reached,
the potential increase was stopped and kept constant during the PEO
process. The electrical parameters measured during the PEO coating on
the aluminum surface.

(a) (b)
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Fig. 1. SEM image of (a) surface and (b)
cross-sectional area of sample 1 coated in elec-
trolyte solution containing 2.5 g/l potash, 10 g/

sodium silicate under 500 V and 10 min.
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2.3. Morphological and structural studies

The phase composition of the coatings was studied by X-ray diffrac-
tion (XRD, Digaku D, max-2500) using Cu Ka radiation at 40 and 100
mA and a value of 20 between 20° and 90°. The data was analyzed using
the HighScore (Plus) v.4.7 software. For further evaluation of the mor-
phology of the coatings and their thickness, a scanning electron micro-
scope (Philips Model XL 30) was used. A 60-EC conductivity meter was
used to measure the conductivity of the electrolyte solution. The thick-
nesses of the samples were measured using SEM images. Measurements
were made at three points of the cross section that have the highest,
lowest, and average thickness, and the average of the three values was
reported. The thickness measurements were carried out using a QNix
7500 thickness gauge.

3. Results and discussion

Plasma electrolytic oxidation was performed in various electrolyte
solutions and then all coated samples were cut with a micro cutter and

Fig. 3. SEM image of the cross-sectional area of samples
coated in electrolyte solution containing 10 g/l sodium
silicate, 8 g/l tetra sodium pyrophosphate and 2.5 g/l
potash for 10 min under an applied voltage of (a) 470
(sample 3), (b) 500 V (sample 4), (c) 530 V (sample 5),
(d) 560 V (sample 6), and (e) 590 V (sample 7).
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mounted to observe the surface morphology of the samples by SEM.
Coated specimens generally consist of two dense layers and an outer po-
rous layer, the structure of which is described below. At each stage, the
sample with better surface properties was subjected to corrosion testing
to facilitate the choice of the optimal solution.

3.1. Effect of sodium silicate on the morphology of the coating

In many studies, sodium silicate salt was used [19, 24, 27]. There-
fore, to investigate the effect of this salt on the coating properties (Table
1), a sample was coated in the sodium silicate salt solution. In sample
1 that contains sodium silicate salt, the surface of the coating was so
rough that it could be easily observed. As seen in Fig. 1(a), there is high
volume of pores in the coating with the high thickness (about 40 mm).
In addition, the volcanic structure is widely present on the surface. As
seen in the cross-sectional area of the sample in Fig. 1(b), there are many
holes in the interface of the coating and the substrate and consequently
the coating does not adhere well to the substrate.

Because the selected solutions did not provide coating with appropri-
ate properties, the composition of the salt solution was changed. Previ-
ous studies have suggested that tetra sodium pyrophosphate salts can be
used to eliminate pores in the coatings and substrates interface, sodium

Fig. 6. SEM image of (a) sample 10 and (b) sample 11
coated in electrolyte solution consisting of 10 g/1 tetra
sodium pyrophosphate 3 g/l sodium aluminate and 5 g/l
potash for 10 min at an applied voltage of 500 V.

Fig. 4. Accumulation of (a) phosphorus and (b) silicon
element in sample 7 coated in electrolyte solution includ-
ing 10 g/l sodium silicate, 8 g/l tetra sodium pyrophos-
phate and 2.5 g/l potash for 10 min at an applied voltage
of 590 V.

aluminate to thicken coatings, and potassium hydroxide to increase solu-
tion conductivity and facilitate ion movement [19, 24]. By changing the
concentration as shown in Table 3, the optimal solution is selected. Tak-
ing into account the morphology of the coating, surface properties, and
the corrosion resistance, the optimal solution was sample 11. Therefore,
this electrolyte composition was selected for coating.

The coating process was performed on sample 2, according to Table
1, in an electrolyte consisting of 10 g/l sodium silicate, 8 g/l tetra sodi-
um pyrophosphate, and 2.5 g/l potassium hydroxide. The SEM images
of sample 2 are seen in Fig. 2. According to SEM images, the coating
surface was improved in terms of the amount and the size of micro-cav-
ities and the structure has changed from volcanic to smooth surface. In
Fig. 2(b), the cross section of the coating indicates that the sample 2 is
much better than sample 1 in terms of surface morphology and the po-
rosities were almost completely removed from the surface to the depth,
but there are still cavities at the interface of the coating and the substrate
that adversely affect the corrosion behavior. Fig. 2(a) clearly shows the
boundaries between volcanic structures probably reduces the corrosion
resistance of the coating layer.

Fig. 5. SEM image of (a) sample 8 and (b) sample 9
coated in electrolyte solution including 8 g/l tetra sodium
pyrophosphate 4 g/l sodium aluminate and 5 g/l potash
for 10 min at an applied voltage of 500 V.
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Fig. 7. SEM image of the cross section of (a) sample 8 (c) sample 10 coated in electro-
lyte solution including 8 g/I tetra sodium pyrophosphate 4 g/l sodium aluminate and 5
g/l potash for 10 min under an applied voltage 500 V and (b) sample 9 (d) sample 11
coated in electrolyte solution including 8 g/I tetra sodium pyrophosphate 4 g/ sodium
aluminate and 3 g/l potash for 10 min at an applied voltage of 500 V.
Table 1.
Concentration of different additive electrolytes in silicate solution for coating at 500 V

and 10 min at ambient temperature

. Tetra sodium Electrical

Sample lfg(/)ll){ sil?co:tle“:gl/l) pyrophosphate conductivity pH
(g (mS.cm™)

1 2.5 10 - 4.98 9.55

2 2.5 10 8 6.68 10.4

3.2. Investigation of the effect of voltage changes on the morphology of
the coating prepared in silicate solution

As mentioned, the addition of tetra sodium pyrophosphate improved
the surface properties; however, it was not satisfactory to be considered
as an ideal coating. Thus, the effect of voltage increase on the morphol-
ogy of coatings was studied. For this purpose, the coating process was
performed under the conditions described in Table 2. The surface mor-
phology of the coating was almost the same in all samples (3 to 7) and
the differences were observed in the cross-sectional area. Fig. 3 corre-
sponds to the cross-sectional area of the coated specimens under applied
voltages 0f 470, 500, 530, 560, and 590 V. The electrolyte solution for all
coated samples was the solution used for sample 2, which contains 10 g/1
sodium silicate, 8g /1 tetra sodium pyrophosphate, and 5 g/l potassium
hydroxide. Coating process time is 10 minutes as shown in Table 2.

According to Fig. 3(a), which is related to the applied voltage of
470 V, the thickness of the coating is very low (about 18 um). It seems
that stable electric arcs have not yet been stabilized under this voltage.
Also, the adhesion of the coating to the substrate is weak. In Fig. 3(b),
in which the applied voltage is equal to 500 V, the coating is dense and
looks uniform in terms of thickness (thickness is about 28 um) and it
has good adhesion to the substrate. The micro-cavities observed in the
coating are part of the nature of plasma oxidation electrolytic coatings.
In Fig. 3(c), which is related to the applied voltage of 530 V, the density

Table 2.

Different voltages applied to test the sample coated in electrolyte solution includ-
ing 10 g/l sodium silicate, 8 g/l tetra sodium pyrophosphate, and 2.5 g/l potash with
electrical conductivity equal to 6.68 mS.cmand pH 10.4 in 10 min

Sample No. 3 4 5 6 7

Applied voltage

470 500
V)

530 560 590

(b)

0
4 & N
s
) [r— 100 pm 9
- o .

Fig. 8. Aluminum sample coated by applying a one-way pulse potential for 10

min in an electrolyte solution consisting of 10 g/ tetra sodium pyrophosphate 3
g/l sodium aluminate and 3 g/l potash at a frequency of (a) 1000Hz, (b) 2000 Hz,
and (c) 3000 Hz with a working cycle of (left) 30% and (right) 70%.

of pores increased and the transverse cracks are obvious in the coat-
ing. Also, in Fig. 3(d), which is related to the voltage of 560 V, a gap
was created between the coating and the substrate, and the cavities were
transferred to the interface of the coating and the substrate, indicating
that the coating is not suitable. In Fig. 3(e), at 590V, the gap between the
coating and the substrate is eliminated.

3.3. Dispersion map of phosphorus and silicon elements in a sample

coated with silicate solution

For a more detailed study, elemental analysis was taken from sample
7 to observe the accumulation of elements on the coating as shown in
Fig. 4. According to the figures, silicate has accumulated mainly on the
surface, while phosphate has accumulated on the inner and outer surfac-
es and has low levels of phosphorus in the middle of the coating. There-
fore, the use of phosphate-based compounds seems to be appropriate.
On the other hand, one of the major problems of coatings is the existence
of a gap between the substrate and the coating, which might be due to
the supply of aluminum ions from the substrate to create the coating,
which causes the transfer of this ion from the substrate/coating interface
Table 3.

Concentrations of different species to find the optimal solution under the applied
voltage of 500 V in 10 minutes at ambient temperature

K sodium Tetra sodium Electrical

Sample @ aluminate  pyrophosphat ductivity pH
(g" (g (mS.cm™)

8 5 4 8 114 10.9

9 3 4 8 10.4 10.8

10 5 3 10 13.9 10.4

11 3 3 10 12.4 10.9
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Fig. 9. Aluminum sample coated by applying a one-way pulse potential for 10
min in an electrolyte solution consisting of 10 g/l tetra sodium pyrophosphate 3
g/l sodium aluminate and 3 g/l potash at a frequency of (a) 1000 Hz, (b) 2000 Hz
and (c) 3000 Hz with a working cycle of (left) 30 % and (right) 70%.

to the coating/electrolyte interface. The supply of aluminum ions in the
electrolyte solution could alleviate this problem. In this way, the pene-
tration of aluminum from the substrate is reduced and the aluminum ions
in the electrolyte solution act as a contributing factor in the supply of
aluminum coating and the amount of pores resulting from high transfer
of aluminum from the substrate to the coating is reduced. Therefore,
sodium aluminate was used in the electrolyte. In the following, different
concentrations of these salts were used in order to achieve the optimal
composition. It should be noted that the measured thicknesses are not
real thickness values due to the porous structure of the PEO coatings.

3.4. Evaluation of the coating provided in the phosphate and silicate

base electrolyte solution

As mentioned above, the use of the silicate electrolyte solution did
not provide a coating with good properties; i.e. the surface generally had
large pores and the coating did not adhere well to the substrate. Voltage
also had little effect on coating improvement, and although the morphol-
ogy appeared to be somewhat modified, it did not exhibit good corrosion
resistance. However, in the case of current application regimes, the use

Table 4.

Frequency and operating cycles applied in pulse regime and with electrolyte solu-
tion electrolyte solution 10 g/l tetra sodium pyrophosphate, 3 g/l sodium alumi-
nate, and 3 g/l potash with electrical conductivity equal to 12.45 mS.cm-1 and pH
10.9 in 10 min.

Sample 12 13 14 15 16 17

Frequency

1000 1000 2000 2000 3000 3000
(Hz)

Working cycle  30%  70%  30%  70%  30%  70%

Thickness (um)
g 8

)
S S

mjllllll

500 V-DC 1000 Hz-70% 2000 Hz-70% 3000 Hz-70% 1000 Hz-30% 2000 Hz-30% 3000 Hz-30%

o

Type of applying the potential

Fig. 10. The average value of coating thickness according to SEM observations
under electrolyte solution including 10 g/l tetra sodium pyrophosphate 3 g/1 sodi-
um aluminate and 3 g/ potash for DC-500 V sample and Pulse samples at 1000,
2000 and 3000 frequencies in 30% and 70% duty cycle.
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Fig. 11. Coating thicknesses in different parts of the surface under different coat-
ing conditions in electrolyte solution including 10 g/1 tetra sodium pyrophosphate
3 g/l sodium aluminate and 3 g/1 potash for DC-500 V sample and pulsed samples
in frequency 1000, 2000 and 3000 in (a) 30% and (70%) duty cycle (measured
with Quanix 7500 thickness gauge).

of this electrolyte provides excellent coatings [20]. Based on previous
studies [19, 24], sodium aluminate along with sodium pyrophosphate
was used in the electrolyte. Fig. 5 shows the SEM images of the surface
of the coating samples in the different electrolyte salts described in Ta-
ble 6. The applied voltage for all cases was 500 V, which is lower than
the ignition voltage and it does not enter the intense arc zone. On the
other hand, the possibility of damage to the electrolytic plasma device

Table S.
Electrical parameters measured during the PEO process on the aluminum surface.
The area of the samples was about 42 cm?.

00 Duty cycle 70% Duty cycle 30%
Parameter V-DC 1000 2000 3000 1000 2000 3000
Hz Hz Hz Hz Hz Hz
Breaking
370 341 350 359 263 280 290
voltage (V)
Starting

500 414 438 452 265 291 317
voltage (V)

Final current

(A)

1.7 1 1.7 1.6 2.8 1.5 1.9
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is reduced under this voltage. The test time has also been optimized in
previous experiments for this electrolyte solution at 10 minutes.

In general, the morphology of the coating in the electrolytic plasma
oxidation process depends on the electrical parameters and the type of
solution. In sample 8 (Fig. 5(a)), the amount of porosity is very high
and the pores are interconnected and many surface cracks are observed,
which can be caused by a large increase in the conductivity of the solu-
tion leading to the formation of strong electric arcs on the surface of the
sample. In Fig. 5(b) (sample 9), as the amount of potassium hydroxide
decreased compared to sample 8, the conductivity of the solution de-
creased and the amount of cracks was greatly reduced. In Fig. 6 (samples
10 and 11), due to the increase in phosphate compared to samples 8 and
9, the amount of porosity has been drastically reduced. Also, in these
samples, the amount of volcanic structure in the surface decreased sig-
nificantly and the surfaces are very smooth. Compared to sample 10, in
sample 11 (Fig. 6(b)), the amount of porosity decreased by reducing the
amount of potassium hydroxide as well as the conductivity of the solu-
tion. According to the SEM results, the surface of the samples seems to
provide a coating with the expected corrosion resistance.

To compare the cross sections of the specimens and the metal/coat-
ing interface, SEM images of the cross sections of each specimen were
also obtained (Fig. 7). As seen in the SEM images, the electrolyte solu-
tion has a significant effect on the coating thickness and compaction.
In Fig. 7(a) (sample 8), the amount of cavities and surface porosities
is very high. With the decrease in the amount of potassium hydroxide
in sample 9, (Fig. 7(b)), the amount of porosity is remarkably reduced.
Furthermore, by increasing the amount of phosphate (Fig. 7(c), sample
10), the coating has shown a better compaction and the gap between
the substrate and the coating has been reduced to a desirable level. In
Fig. 7(d) (sample 11), the thickness of the coating is more uniform than
that of sample 10 (Fig. 7(c)), which appears to be due to a decrease in
potassium hydroxide and the uniform ignition. In general, according to
the SEM evaluations, the electrolyte solution used in sample 11 was
selected as the appropriate solution for PEO tests. The thickness of the
coating is estimated to be about 30 pm according to the SEM images.

According to SEM images, under the same conditions of the coating
time and the applied voltage, by changing the percentage of tetra sodium
pyrophosphate, sodium aluminate and potassium in the electrolyte, the
adhesion of coating layer to the substrate and the amount of cavities
have changed, however, the thickness of coating does not show varia-
tions as indicated in Table 7.

3.5. Influence of frequency and duty cycle on pulse potential applica-
tion regime

Work cycle parameters and frequency are two important and effec-
tive parameters in the pulse DC potential application regime. To evalu-
ate the effect of the work cycle, the coating process was done in the op-
timal solution as described in the previous steps, i.e. electrolyte solution
of sample 11 involving 10 g/l tetra sodium pyrophosphate, 3 g/l sodium
aluminate and 3 g/ potassium hydroxide under 30% and 70% work cy-
cle. Different frequencies of 1000, 2000, and 3000 Hz are also selected
to investigate the effect of coating frequency. A description of the test
conditions is given in Table 4. The PEO process under the DC and pulse

Table 6.
Thickness obtained from PEO coatings under different coating conditions in sili-
cate or phosphate base electrolyte solution for 10 min

Sample 1 2 3 4 5 6 7

Thickness
(m)

112 26 18 28 75 65 97

DC potential application regimes experiences different conditions in
terms of breakdown voltage, process start voltage, and final current. PEO
coating can also be performed by pulse potential regimen. The voltage
was applied periodically (connected and disconnected). Frequency and
operating cycle are important parameters in the pulse potential applica-
tion regime. In a single pulse, t  and t ;. pulse are the periods in which
the current is connected and disconnected, respectively. The work cycle
parameter in the pulse regime is defined as follows [24].

D, = tont:’;w x 100 )

To investigate the effect of these two coating parameters, the coat-
ing process was done in the optimal solution, i.e. electrolyte solution
including 10 g/l tetra sodium pyrophosphate, 3 g/l aluminate and 3 g/l
potassium hydroxide for 10 minutes. Coating is performed in 30% and
70% operating cycles at frequencies of 1000, 2000 and 3000 Hz, and the
SEM images of the surface of the coating area are comparatively shown
in Fig. 8. By changing the electrical parameters, the ignition behavior
will change. In shorter operating cycles, micro-sparks are generated with
higher density and lower intensity, which might be due to the break-
down voltage decrease, the increase in the micro-sparks distance, and
the decrease in the intensity of the electrical discharge [24]. Therefore,
the molten pools appearing as volcanic craters become smaller as ob-
served in the SEM images. For example, in Fig. 8(a), which is related
to the coating under the frequency of 1000 Hz, the working cycle is
equal to 30% and the average diameter of the holes is about 3 pm. The
micro-pores are dispersed throughout the coating layer, but in Fig. 8(a),
the diameter of the pores has increased significantly (about 25 um), and
the pores are localized, and the uniform distribution of the pores was
noticeably reduced.

Figs. 8 (b-c) are related to the coating at the frequencies of 2000 and
3000 Hz, respectively. With increasing the working cycle, the diameter
of the pores and their percentage has increased. Also, under all three fre-
quencies, with the increase of the work cycle, the growth of the coating
becomes non-uniform and shows a mass structure which can be related
to the increase in the intensity of micro-sparks due to the increase of
the work cycle. The cross-sectional images are shown in Fig. 9. In Fig.
9 (a), which is related to the frequency of 1000 Hz and the duty cycle
of 30%, the coating is thicker than other samples. In general, the per-
centage of porosity and their size have been improved compared to the
DC potential application regime. In the SEM images of cross sections,
spallation in the coating is observed, which seems to be related to the
sample preparation for SEM observations.

3.6. Effect of thickness

The thickness of the samples was measured based on the SEM imag-
es. According to Fig. 10, the thickness of the coatings in all frequencies
and operating cycles applied in the pulse mode is greater than that of
the DC mode, which is probably due to the mechanism of the coating
growth in the pulse mode. In the pulse mode, during the time when the
voltage is cut off at the surface, the coating is dissolved and thus the
coating pores are more easily filled and the coating grows more easily.
Moreover, the maximum coating thickness is obtained at the frequency
of 1000 Hz and the working cycle of 30%. At the same frequencies,

Table 7.

Mean thickness obtained from SEM images in different amounts of tetra sodium
electrophoresis of pephrophosphate, sodium aluminate and potash during coating
for 10 minutes under voltage 500 V

Sample 8 9 10 11

Thickness (um) 32 33 33 30
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Table 8.
Mean thickness obtained from the thickness gauge handle in different potential
application regimes

1000 2000 3000 1000 2000 3000
Hz- Hz- Hz- Hz- Hz- Hz-
70% 70% 70% 30% 30% 30%

Applied 500
regime V-DC

Mean
thickness  29.135 37.16 47.55 48.78 122.75 8896 97.22
(um)

the thickness increases with decreasing duty cycle. As the duty cycle
decreases, the number of micro-sparks increases and their intensity de-
creases. Therefore, the ignition of the coating becomes more uniform
and the coating growth becomes easier. In the same work cycle, increas-
ing or decreasing the frequency does not show a specific trend for thick-
ness, which is probably due to the nature of PEO coating, because during
coating, oxygen is constantly trapped in the coating. Furthermore, over
a period in the pulse regime, which is proportional to the frequency and
work cycle, the coating is dissolved and the released oxygen has the
possibility to be released. However, sometimes, it may not be complete-
ly dissolved and the un-corroded areas act as centers of stress leading to
the non-uniform growth of the coating in different areas.

Generally, the PEO coatings have a porous structure, and therefore,
the reported thicknesses cannot be the actual thickness values. Thus, the
thickness is measured at more points on the surface, but the SEM im-
ages illustrate only a limited cross section of the surface. For measuring
the thickness, a QNix T500 thickness gauge was used. The results are
shown in two graphs in Fig. 11. As can be seen, the thickness of the
coating varies at different points on the surface. The reason for this is the
nature of these coatings, which are formed based on electrical discharge
and plasma generation. Due to the formation of an electric arc, molten
oxide material is thrown out of the arc space and is solidified rapidly
in the areas adjacent to the arc channel in contact with the electrolyte
[24]. Therefore, the amount of accumulation of solid oxides in different
parts of the surface will be different, which is the main cause of thick-
ness differences in different parts of the sample surface. The strength
of the electric arc and the amplitude of the created arc channel affect
the amount of melt thrown out and the amount of oxides accumulated
around these channels resulting in a change in the thickness of the sam-
ples and strength of arcs. The average values of the thicknesses obtained

using the thickness gauge are given in Table 8.

4. Conclusions

In this research, electrolytic plasma method was used to prepare alu-
minum oxide coatings on the Al alloy and the effect of potential regimes
was investigated. The obtained results are:

1. The optimal voltage to achieve a uniform coating with an ideal
thickness and morphology was 500 V.

2. The addition of sodium silicate to the electrolyte solution caused
porosity and non-adhesive coating on the substrate. On the other hand,
the use of tetra sodium pyrophosphate increased the adhesion of the
coating by the penetration of phosphorus into the metal/coating inter-
face.

3. The optimal solution for coating by plasma electrolytic oxidation
method is 10, 3, and 3 g/l of tetra sodium pyrophosphate, sodium alumi-
nate, and KOH, respectively.

4. Coating by DC pulse method controls the coating process and the
uniformity of the coating. The appropriate frequency for coating with
pulse DC potential application regime is 1000 Hz under 30% duty cycle.
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Ni-Cu composite coating

1. Introduction

St37 steel is structural steel available in various forms. This type of
steel is inexpensive and can be used in different applications including
plant fabrication, piping, etc. Carbon is the main alloying element in
the steel and there are some trace impurities as well. The hardness and
strength of the steel are enhanced with the increment of the carbon con-
tent [1-4]. As steel and its alloys are extensively utilized in industrial
components, their protection against acid electrolytes and their corro-
sive effect is necessary [5-7]. Common protection methods are alloying
steel with inhibiting elements, using corrosion inhibitors, cathodic and
anodic protection, and protective coatings [8, 9]. In various applications
like the automotive and aerospace industry, composite coatings prepared
via co-deposition of small reinforcement particles into a metal matrix
are extensively used [10, 11]. It has been reported that the composite
coatings could enhance microhardness, high-temperature stability, wear
resistance, and corrosion resistance of metal and alloy. There are sever-
al factors that should be considered in selecting these coatings such as
technical constraints, environmental pollution, costs, simplicity of the
coating process [12-15].

In the marine environment, Ni-Cu alloys, particularly alloy that con-
tain about 70%, Ni shows high corrosion resistance. Apart from corro-
sion resistance, solderability, ductility, and malleability are other attrac-
tive features. Cu and Ni have the standard reduction potentials of +0.34
V and 0.25 V vs. a normal electrode of hydrogen (NHE), respectively,

which are disparate to some extent. A normal co-deposition of Ni and
Cu is the plating process of Ni-Cu alloy. The incorporation of Cu in Ni
strengthens it owing to the formation of a solid solution that enhances
wear and corrosion resistance [16].

Besides the selection of the coating method, optimization of the elec-
troplating method and the alloying system is also necessary. Some appli-
cable techniques include electrodeposition, physical vapor deposition,
chemical vapor deposition, plasma spraying, and thermal spraying. For
the preparation of Ni coatings, electrodeposition has been reported to be
a proper technique [17]. The reduction of the corrosion rate could occur
in the alloy by adding metallic (e.g., Cr, or Mo) or nonmetallic (e.g.,
P, N or Si) inhibiting components, which forms adsorbed intermediate
products on the alloy surface and blocks the active areas [8].

Since their emergence, carbon nanotubes (CNTs) have been in-
creasingly used for the fabrication of advanced composites as the ideal
reinforcing agent owing to their rewarding mechanical properties such
as fracture strain sustaining capability, light weight, large elastic strain,
and high elastic modulus [18-20]. However, CNT-containing composite
applications are accompanied by the high complexity because several
factors such as the nanotube/matrix bonding, nanotubes dispersion, rein-
forcement aspect ratio, surface reactivity, and densification of bulk com-
posites should be controlled [8, 21-23]. In this research, the Ni-Cu/CNT
composite coating is deposited on the st37 substrate, and its mechanical
and corrosion behaviors as well as the inhibitory property of CNT on the
coating surface were evaluated.

* Corresponding author: Sara Eskandarinezhad; E-mail: s.eskandari.nezhad@gmail.com

https://doi.org/10.29252/jcc.2.3.3

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0)


http://www.jourcc.com
http://www.JOURCC.com
https://doi.org/10.29252/jcc.2.3.3
https://doi.org/10.29252/jcc.2.3.3
https://jourcc.com/index.php/jourcc/article/view/jcc233
https://doi.org/10.29252/jcc.2.3.3

124 M. Ferdosi et al. / Journal of Composites and Compounds 2 (2020) 123-128

A

® AINi;

® Cu

A Ni

® CopperNickel
=
El
<
<
oy
7}
5
2 u

A
.
. A
. [ .
10 20 30 40 50 60 70 80 90

26 (Degree)

Fig. 1. XRD pattern for composite coated specimen.

2. Materials and method
2.1. Substrate preparation

The substrate used in this research for coating is St37 steel, and its
chemical composition is shown in Table 1. The samples with 20x20x1
mm?® dimensions were sanded using silicon carbide sandpaper (No. 60 to
3000) and then polished with alumina solution to reach an appropriate
surface. Then the samples were washed with acetone and distilled water
in order to remove the impurities from the surface and acid-washed by
sulfuric acid (10 vol. %).

2.2. Preparation of electrolyte and coating

To prepare the electroplating bath, 100 g/L of NiSO,.6H,0, 25 g/L
of CuSO,.5H,0, 32 g/L of H,BO,, 25, 100, and 500 mg/L of CNT, 0.30
g/L of sodium dodecyl sulphate (SDS) (German company Merck) were
used. The complexing agent used in this study is Na,CH,O, (65 g/L).
The conditions for applying the coating are listed in Table 2. The in-
hibitor used in this study is Sarang Semut, which has been studied by
Shahab et al [24]. They prove that the extract of this plant has inhibitory
properties in 3.5 wt. % sodium chloride solution. The extract was pre-
pared from this plant (according to the research of Shahab et al.) and was
completely pulverized after the production. In order to observe the effect
of the presence of this extract on the composite coatings reinforced with
CNT particles, 500 mg/L of this powder was mixed with 200 mg/L of
reinforcing CNT particles, and then the mixture was added to the elec-
troplating bath as the composite agent. The coating deposited in this bath
was subjected to electrochemical tests.

The anode used in this study is a pure nickel sheet (99.99%) with
10x10%50 mm® dimensions. The anode and cathode were immersed
vertically in a 400 cc of bath with a distance of about 5 cm between
the anode and cathode and connected to the power supply by suitable
electrical connections.

2.3. Characterization of coatings
Phase analysis of the coating was carried out by X-ray diffraction
(XRD) using Philips Xpert pro type with Cu ka,, 20 range of 20-100,

Table 1.
Chemical composition of steel used as substrate

Element P Mn Si S C Fe

wt. % 005 032 033 005 0.18 99.03
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Fig. 2. Microhardness results of the applied coatings.
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Fig. 3. Friction coefficient changes for coated specimens.

step size of 0.03 at a voltage of 20 kV. Tribological behavior of the sam-
ples using the pin on disc was studied by BONG SHIN model obu-50
in humidity conditions of 35% and at a temperature of 31.5 ° C. The pin
rotation speed was 0.125 m/s and wear distance was 50 m and the test
was performed without lubricant. The conversion factor in these tests
was 26.32 and the applied force was 10 N. The pin was made of hard-
ened steel with 50 HRC hardness.

Potentiodynamic polarization (PDP) test was used to investigate
the corrosion behavior of the samples. The samples were immersed in
3.5 wt. % sodium chloride for 1 hour to balance the chemical potential.
Electrochemical experiments were carried out in a three-electrode-type
cell with different compartments for the reference electrode (SCE). The
counter electrode was a platinum plate, while the working electrode
was St37 steel. Before each experiment, the working electrode was im-
mersed in the test solution for 2 h at 25 °C to attain a stable open circuit
potential (OCP).

The micro-hardness test was performed using the German Buhler
machine, MMT-V model with Vickers submersible according to
ASTM-E 384 standard under a load of 10 g for 10 seconds. The tests
were randomly performed and finally, the average test results were pre-
sented.

Table 2.

Parameters of coating application

Parameter Value
Temperature (°C) 35
Current density (A/dm?) 2
Steering rate (rpm) 350

pH 4-5
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Fig. 4. PDP test results in 3.5% NaCl electrolyte.

3. Results and discussion
3.1. XRD results

Fig. 1 indicates the XRD results of Ni-Cu/CNT alloy coatings. Fig. 1
shows that the Ni and Cu peak is present only in the coating. According
to the figure, it is clear that nickel and copper together formed a solid
solution leading to the formation of the nickel-copper alloy phase, and
finally, the peak of this solid solution is observed, which has been proven
in other studies as well [25, 26]. The conducted studies have shown that
the presence of Cu atoms in the structure of Ni leads to a decrease in
the lattice parameter and ultimately shifts 260 to a lower value [27]. The
figure clarifies that CNT peaks are seen in the X-ray pattern as well.
This shows that CNT composite particles exist in the coating structure.
Thus, the existence of CNT peaks in X-ray diffraction patterns shows
that the fabrication of Ni-Cu/CNT composite coatings is possible using
the electrodeposition method. Some studies show that the presence of
composite particles like CNT or the presence of their alloying elements
and cations like Cu®" has led to changes in the energy of the growing
plates. As the structure of the applied coating is related to the energy
of the growing plates, the presence of CNT and Cu?* particles leads to
changes in the texture and structure of the specimens. It has been indi-
cated that the changes in the texture of the specimens led to changes in
the electrochemical and tribological behavior of the specimens [28-30].

According to Fig. 1, it is shown that peaks related to carbon nanopar-
ticles are not seen, which may be due to the high density of peaks related
to Ni or Cu. Another factor for the absence of peaks related to CNTs is
their low concentration. This has been confirmed in the case of C,N,
carbon nitrite nanoparticles too [31].

3.2. Mechanical behavior of the specimens

The micro-hardness test was used to study the mechanical behavior
of the specimens. Fig. 2 shows the micro-hardness results of the speci-
mens. The hardness test was conducted to evaluate the micro-hardness
of coatings applied to the cross-section of the specimens. Fig. 2 shows
that composite specimens have a higher hardness compared with the
Ni-Cu specimens. According to studies, it has been found that the hard-
ness of the coating increases with the presence of Cu in the coating. The
reason for the increase in hardness is related to the presence of Cu atoms
in the correction of orientation and growth of coating grains [17, 30].
This issue can be seen in this study too. Fig. 2 shows that the hardness
of the specimens increased with the presence of the secondary phase of
CNT in the coating and the creation of Ni-Cu/CNT composite coating.
The increase in hardness due to the presence of the secondary phase
can be analyzed by several mechanisms. Texture change, change in
grain boundary energy in the presence of secondary phase (Hall-Petch
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Fig. 5. PDP test results in 3.5% NaCl electrolyte for distorted specimens contain-
ing no inhibitor.
equation), dispersion strengthening (Orwan theory) are the causes that
explain the increase in hardness in the presence of secondary particles
[30, 32-34]. According to Orowan’s theory, it is clear that the presence of
CNT particles locks dislocations and hence prevents them from moving
and ultimately leads to an increase in the hardness of the specimens.
Carbon nanotubes are one of the hardest materials in nature that have
high strength and can withstand up to 55 GPa pressure conditions with-
out degrading the tubular shape. The hardness of single-walled nano-
tubes can be up to 62 to 150 GPa. According to some studies, CNTs
showed a much higher hardness compared to SiC in the nickel-phos-
phorus coating, which subsequently improved the abrasion properties.
According to Fig. 2, it is clear that the presence of nanotubes increas-
es the hardness of the coatings. The presence of 25 mg/L of nanotubes
increased the hardness from 400 to approximately 500 Vickers. The
further increase in the concentration of nanotubes in the bath and the
possibility of greater participation of nanotubes in the coating increase
the hardness and reinforcing particles with uniform distribution inside
the coating, thus reduce the role of the ground phase in the final hardness
and load-bearing capacity by more particles. Therefore, the role of the
matrix in the final hardness of the coating is reduced. Moreover, it is
clear that by the increase in the nanotube concentration from 200 mg/L
to 500 mg/L, the hardness of the specimens decreased. This can be be-
cause of the agglomeration of carbon nanoparticles. Carbon nanotubes
agglomerate in 500 mg/L concentration and do not properly distribute,
leading to the reduction of engineering properties of the specimens, in-
cluding hardness. In three-component Ni-Cu-P-nano graphite composite
coating, where lower concentrations of copper were used in the soluble
compounds, the hardness increased due to the strengthening effect of the
reinforcement particles. However, the hardness reduced in the solution
with more copper compounds.

3.3. Tribological behavior of coatings

Pin-on-disk wear testing was used to study the tribological behav-
ior of the specimens. The changes in the coefficient of friction of the
specimens are shown in Fig. 3. According to this figure, it is clear that
the average friction coefficients of composite specimens are lower than
that of the Ni-Cu specimens. This shows an improvement in the tribo-
logical behavior of the specimens in the presence of the composite par-
ticle. The presence of carbon nanotubes as reinforcements has reduced
the friction coefficient, which can be attributed to the atomic structure
and shape of their tubes, leading to the property of self-lubrication [35,
36]. According to some studies, CNT particles increase coating hardness
and strength (Hall-Petch and Orwan theory) [37], so they prevent the
plastic deformation of the specimens during the wear test. During the
abrasion process, the loss of material on the surface makes one end of
the nanotubes placed vertically in the coating to be removed from the
coating and due to the pressure of the pin, it becomes curved and the pin
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starts moving on its walls. Thus, this movement reduces the coefficient
of friction [38]. Carbon nanotubes are made of concentric layers or walls
of carbon tubes and the bonding of the layers is of the van der Waals
type so they can easily slide over each other [39]. Dye et al. reported that
nanotubes that detach from the surface act like a microbearing. CNTs
can rotate, separate slippery surfaces, prevent strong contact between
the two surfaces; thus, they reduce the friction coefficient, and increase
wear resistance [31, 40].

It is clear that in the wear test, with an increase in the concentration
of CNT to 500 mg/L, the coefficient of friction increased compared to
the specimen of 200 mg/L, which can be analyzed by CNT agglomera-
tion in the coating as well.

Among composites, carbon-reinforced composites have better abra-
sion behavior compared to ceramic-reinforced composites like Al O, or
SiC, which is due to the lubricating nature of the carbon materials that
make them natural reinforcement for lubricating composites [41].

3.4. Electrochemical behavior of coatings
3.4.1. Examining the electrochemical behavior of composite coating

The potentiodynamic polarization (PDP) test in 3.5 wt. % sodium
chloride was used to examine the electrochemical behavior of the coat-
ings. Fig. 4 shows the results of the PDP test. According to this figure,
it is clear that the application of composite coatings caused a change in
the electrochemical behavior of the specimens. This can be recognized
by changes in the Tafel branches and the potential of the specimens.
According to Fig. 4 and Table 3, it is clear that the presence of reinforce-
ment particles in any amount has reduced the corrosion flow rate of the
specimens [33, 42-46]. The reduction in the corrosion rate of composite
specimens compared to the Ni-Cu alloy specimens can be due to a high-
er density of composite specimens. Due to the low ion radius of CI, it
is clear that increasing the density of the coating and reducing the mi-
cropores in the coating leads to the enhancement in the electrochemical
behavior of the specimens. This is because increasing the density of the
coating leads to a decrease in the penetration rate of this ion and ulti-
mately the corrosion rate is reduced [47]. This has been proven in other
studies [32, 33]. The improvement in the electrochemical behavior of the
specimens due to the presence of CNT particles, in addition to the above,
is related to the coating of metal sites by these particles in such a way
that these particles reduce the charge transfer by creating electrical re-
sistance between the electrolyte and the substrate. Ultimately, it enhanc-
es the electrochemical behavior of the specimens [34]. By studying the
potential of the specimens, it is seen that the composite specimens have
a nobler potential compared to the Ni-Cu specimen. The reason why the
potential of composite specimens is nobler than Ni-Cu specimens is the
presence of CNT particles. CNT shifts the potential of the specimens to
more positive and noble values. This decreases the thermodynamic ten-

Table 3.
Results extracted from PDP test by Tafel method
i E B [
Sample corr corr a 3
(nA.cm?) ) (mv/decade) (mv/decade)
Ni-Cu 3.16 -0.346 99 -84
Ni-Cu /25
0.312 -0.248 96 -83
mg CNT
Ni-Cu /100
0.031 -0.197 90 -79
mg CNT
Ni-Cu /200
0.019 -0.158 91 -80
mg CNT
Ni-Cu / 500
0.012 -0.150 89 -81

mg CNT

dency of the specimens to perform corrosion reactions [48]. It is further
clear that the anodic and cathodic slopes will undergo drastic changes
if reinforcement particles are added. In other words, there is no parallel
line between the branches of Ni-Cu diagrams and the composite speci-
mens. This shows that the application of composite particles affected the

mechanism of anodic and cathodic reactions [49].

3.4.2. Examining the electrochemical behavior of coating in the pres-

ence of inhibitor

It is clear that the presence of inhibitory particles in corrosion sys-
tems will reduce the corrosion rate. Thus, the use of inhibitors in the
systems involved in corrosion reactions is one of the ways to prevent
corrosion reactions. Inhibitors are used in corrosive soluble forms in cor-
rosion protection systems. In this study, inhibitory particles were used
as particles in the coating. Thus, the coating has inhibitory particles and
if there is a scratch or scar in the coating, the inhibitor will be removed
from the coating and it will protect the part of the base metal that does
not have a coating by using inhibitory mechanisms. To this end, 500
mg/L of the inhibitory particles were mixed with 200 mg/L of CNT, and
then the resulting powder was introduced into the plating bath as rein-
forcement particles. Ultimately, after coating, a small 5 mm scratch was
applied to the coating, the specimen reinforced with inhibitory particles,
and CNT was tested for PDP. Another specimen that does not contain
inhibitory particles (Ni-Cu/200 mg CNT) was scratched about 5 mm and
then subjected to PDP under the same conditions to compare the elec-
trochemical behavior of this coating with coatings without inhibitory
particles. Fig. 5 and Table 4 show the PDP test results for two composite
specimens with and without the inhibitor.

Equation 1 was used to measure the inhibition percentage [50]:

Lcorr — lcorr(imnibitor)

g 1 = Lo toorrimhibiter) 4
0 icorr M

In this equation, i
of the inhibitor and i

Corr(Inhibitor)
ence of the inhibitor.

is the corrosion current density in the absence

Corr

is the corrosion current density in the pres-

Fig. 5 and Table 4 clearly show that, firstly, by scratching the speci-
mens, the corrosion rate of the specimens increases compared to healthy
specimens. The presence of scratches in the coating facilitates the attack
of ions like Cl and finally brings about an increase in the formation
rate of the base metal chloride, which increases the corrosion rate of the
specimens too. To prevent this, the study used inhibitory particles inside
the coating. In other words, a coating is prepared by the incorporation
of inhibitory particles. In case of damage to the coating and stripping of
the base metal, the inhibitory particles enter the environment from the
scratched area and protect the stripped metal site. The protection of the
base metal is shown in Fig. 5 and Table 4. According to Fig. 5 and Table
4, it is clear that the corrosion rate in the inhibitor-containing specimen
is lower than the specimen without the inhibitor, which is a reason for
the inhibition by the particles applied in the coating. It is clearly seen
that the potential of the scratched specimen shifts to more noble values
with the presence of a scratched inhibitor. This shows that the thermo-

Table 4.
The results of Tafel PDP test for distorted specimens without and with inhibitor
i P, . LE
Sample ( A“’c';n_z) ({;;’ (mv/ (mv/ %)
o decade)  decade) ¢
Ni-Cu /200 mg
10.32 -0.518 95 -87 -
CNT
Ni-Cu /200 mg
CNT + 500 mg 5.011 -0.248 96 -83 51

Inhibitor
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dynamic inhibitory particles affect the corrosion reactions at the site of
the bare metal and reduce corrosion reactions. As the corrosion rate de-
creases, it is clear that the kinetics of corrosion reactions are affected by
the presence of inhibitors at the bare metal site, and in the presence of
inhibitors, the kinetics of electron transfer is slowed down. Given the
parallel state of Tafel branches, it is clear that the presence of inhibitory
particles in the coatings has only affected the kinetics and thermodynam-
ics of corrosion reactions and it was not able to change the mechanism of
corrosion reactions in the present conditions [51].

4. Conclusions

In this research, the Ni-Cu alloy coating containing carbon nanotubes
was produced. Then, the particles of the Sarang Semut plant were added
to the coating as inhibitory particles and the electrochemical behavior
of the coatings was investigated in the case of damaged coating in the
presence of inhibitory particles. The results of the studies are as follows:

. In the Ni-Cu coating, CNT particles can be present as a com-
posite agent.

. The presence of composite particles up to 200 mg/L improved
the hardness of the samples compared to the pure Ni-Cu sam-
ple.

. Tribological behavior of the composite samples was more fa-
vorable than pure Ni-Cu samples and in the presence of com-
posite particles up to 200 mg/L, the coefficient of friction of the
samples decreased.

. By increasing the concentration of composite particles from
200 mg/L, the composite particles agglomerated and decreased
the engineering properties of the samples such as mechanical
and tribological properties.

. The presence of carbon nanotubes in the coatings led to the
improvement of the electrochemical behavior of the samples
due to the blockage of micropores, making the potential of the
coatings nobler and creating insulation between the metal sub-
strate and the electrolyte.

. The presence of Sarang Semut particles in addition to carbon
nanotubes improved the electrochemical behavior of the coat-
ings.

. In the coatings reinforced with CNT and Sarang Semut, in case
of scratches in the coating, Sarang Semut particles act as an
inhibiting agent and protect the bare surface of the metal from
corrosion.

. Sarang Semut as an inhibitor is not able to change the mech-
anism of corrosion reactions and only affects the kinetics and
thermodynamics of corrosion reactions.
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the corrosion behavior of the samples in the working cycle of 30% was better than that of 70%, which can be
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faster by increasing the thickness and decreasing the porosity of the aggressive chloride ion.
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1. Introduction

Aluminum and its alloys are of particular importance in the indus-
try due to their light weight, excellent chemical resistance, especially
in neutral environments, and high strength to weight ratio [1-3]. They
are mainly used in the aerospace, automotive, oil and gas, and drilling
industries. Automotive and aircraft parts, pump shells, valves, tanks for
transporting petroleum products are among the most important uses of
aluminum and its alloys. Aluminum also has many applications in the
marine industry. The construction of high-speed vessels is perhaps the
most tangible example of this application [4]. Aluminum has good cor-
rosion resistance in many solutions, but in cases where it is in contact
with high concentrations of aggressive corrosive agents such as chlo-
ride, severe local corrosion occurs [4, 5]. In seawater environment, due
to the high concentration of dissolved oxygen, especially chloride ions,
the aluminum structures suffer from local corrosion. Therefore, if a suit-
able surface treatment is performed on aluminum, the service life of alu-
minum structures and equipment will increase significantly in corrosive
environments and it will be used with more confidence [4].

Plasma electrolytic oxidation (PEO) using high voltage is a recent-
ly developed surface engineering method [6]. PEO is considered as a
method between a common low voltage anodizing in aqueous solutions
and a high-energy plasma coating in dry conditions in a controlled gas
pressure chamber [7]. PEO can produce ceramic coatings on light metal
surfaces with improved properties and the thickness of ten to hundreds
of microns [8]. Oxide coatings are produced by high voltage anodic po-

larization in an electrolyte [9]. Using this method, it is possible to coat
aluminum composites as well as hybrid and composite coatings on alu-
minum substrate [10, 11].

Despite the industrial application of the PEO method, all aspects of
this process have not yet been scientifically identified. As a result, PEO
is considered as a new method in the field of surface engineering [12,
13]. Despite the excellent mechanical and chemical properties of PEO
coatings, researchers are still trying to further improve their properties
[14]. It should be noted that parameters affecting the process could se-
verely affect its corrosion and abrasion properties. Among the effective
parameters, the type of applied electrical regime can affect the porosity
and cracking networks of the coating as well as its chemical compo-
sition. Therefore, by selecting the appropriate electrical regime, and
controlling the porosity, cracking and the type of formed phases in the
coating, better mechanical properties and corrosion resistance can be
provided for PEO coatings [12, 15-17].

In order to improve the protective performance of the coating, the
defects of the coating must be controlled. Process control can be done
with the effective parameters mentioned earlier. Recent research in the
field of controlling the structure and morphology of PEO coatings, stress
level control and reduction of crack networks are among the most im-
portant areas of research in the field of PEO process. In this research, an
attempt is made to create enhanced corrosion properties for PEO alu-
minum coatings by controlling the electrical parameters. Therefore, in
this research, aluminum is coated by the PEO process and the effect of
different potential regimes on the corrosion resistance is evaluated.
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2.1. Materials and sample preparation Frequency (Hz)
In this research, 2025 aluminum sheet with the thickness of 4 mm
containing the chemical composition of 0.23% silicon, 0.6% Fe, 0.22%
Mg, 0.11% St, 0.03% of Sn (produced by Arak Rolling Company, Iran) Fig. 3. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
was used. Aluminum specimens were cut into 4x20x20 mm dimensions. PEO-coated aluminum specimens by applying constant potential and one-way

The surfaces of the samples were sanded by silicon carbide sandpapers pulse in 70% fixed duty cycle and different frequencies in 3.5 wt% of sodium

up to the grit number of 1800. Then, the samples were cleaned by the
ultrasonic method in pure ethanol and distilled water and dried in the air phate, 3 ¢/l sodium aluminate and 3 g/l potash (KOH) was used and

before the PEO process. Based on the initial optimization experiments, according to the obtained morphologies, the coating time of 10 minutes
the optimal electrolyte composition of 10 g/l tetra sodium pyrophos-

chloride after 45 min of immersion.

was selected.
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Fig. 4. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 30% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 45 min of immersion.

2.2. PEO process

The PEO coating was applied on the aluminum surface at a potential
of 500 V for 10 minutes. The current density after reaching the potential
of 500 V was about 2.5 Am. The electric current gradually decreased
during the process due to the formation of coating and its thickening.

In the pulse method, the ignition voltage practically occurs earlier
Table 1.
The electrical parameters measured during the PEO process. The area of the
samples was about 4 cm?.

bC Duty cycle 70% Duty cycle 30%
Parameter 500V 1000 2000 3000 1000 2000 3000
Hz Hz Hz Hz Hz Hz
Breakdown
370 341 350 359 263 280 290
Voltage (V)
Starting Voltage
500 414 438 452 265 291 317
)
Final C t
matturrent 21 17 16 28 15 19
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Fig. 5. (a) Nyquist, (b) phase-Bode, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 70% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 24 h of immersion.

than the constant DC mode and due to the high intensity of the generated
electric arcs, it is practically impossible to reach the potential of 500 V.
Therefore, instead of the potential value, the amount of electric current is
considered as a controlling parameter. In other words, when the potential
is applied, the potential increases until the current reaches 7 A. Once
this current is reached, the potential increase stops and the PEO process
continues without the potential increase. Table 1 shows the electrical
parameters measured during the PEO process.

2.3. Morphological and structural analysis

The phase composition of coatings was evaluated using X-ray dif-
fraction (XRD, Digaku D/max-2500) using Cu Ka radiation at 40 and
100 mA and at 20 between 20° and 90°. For studying the morphology
and thickness of the coating, a scanning electron microscope (SEM)
manufactured by Philips XL 30 was used. A 60-EC conductivity meter
was used to measure the conductivity of the electrolyte solution. The
thickness of the samples was measured using SEM images. Measure-
ments were made at three points of the cross section (maximum, mini-
mum, and the average thickness), and the average of these three values
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was reported. The thickness measurement was done using a Quanix
7500 thickness gauge.

2.4. Polarization test

Electrochemical polarization tests were performed in a three-elec-
trode cell with EG&G A273A potentiostat/galvanostat. For EIS tests, a
Solartron FRA device (SI 1255) coupled with potentiostat/galvanostat
was used. The saturated calomel electrode was used as the reference
electrode and the graphite rod was used as the auxiliary electrode. Elec-
trochemical impedance tests were performed in the frequency range of
10 mHz-100 kHz with a range of 10 mV (rms) and after reaching the
equilibrium potential of the samples. Polarization tests were performed
after the immersion period (72 hours) with a scanning velocity of 0.2
mV/s from -150 mV relative to the open circuit potential to about +500
mV relative to the open circuit potential. Electrochemical polarization
tests were performed with ACM Gill 8 potentiostat/galvanostat appa-
ratus manufactured by ACM. Polarization diagrams were analyzed to
determine TOEFL slopes and corrosion velocities with ACM software
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Fig. 6. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 30% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 24 h of immersion.

(ACM Analysis Version 4). It should be noted that all electrochemical
corrosion tests were performed at ambient temperature and in 3.5%
(wt%) sodium chloride solution.

2.5. Electrochemical Impedance Spectroscopy (ELS)

In order to create a linear system, the application of alternating volt-
age of 10 mV was used to disturb the steady state of the system [6]. In
this project, Princeton Applied Research Model 1025 made by EG&G
Company was used. Saturated calomel reference electrode made by Azar
Electrode and the used cell was the same used for the polarization test.

3. Results and discussion

In this study, two polarization and electrochemical impedance tests
were used to investigate the corrosion resistance and its properties in
PEO coatings. Here, the results of these tests will be discussed.
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Fig. 7. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 70% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 48 h of immersion.
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Fig. 8. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 30% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 48 h of immersion.

3.1. Polarization test

Fig. 1(a) shows that by creating PEO coatings on the aluminum
surface, the polarization diagram is transferred to lower current values.
In fact, with the formation of PEO coating, corrosion of aluminum in
sodium chloride solution has been reduced by 3.5 wt%. Polarization di-
agrams have a special behavior in sodium chloride medium. As can be
seen, the anode branch of the aluminum polarization diagram experi-
ences a sharp increase in current with a small increase in potential. This
type of anodic polarization behavior generally means that the pitting
potential is very close to the corrosion potential. In other words, the
pitting potential almost overlaps the corrosion potential [18-20]. Under
these conditions, the metal or alloy undergoes severe local corrosion
in the corrosive environment. Therefore, according to the polarization
diagram of uncoated aluminum in Fig. 1(b), it is possible to predict se-
vere local corrosion of aluminum in sodium chloride medium. With the
creation of PEO coatings, this behavior is practically not observed and
there is almost a considerable difference between the corrosion potential
and the pitting potential. Therefore, it seems that the presence of PEO
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Fig. 9. (a) Nyquist, (b) Bode-phase, and (c) Bode-modulus diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 70% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 72 h of immersion.

coatings has a positive role in controlling local and pitting corrosion of
aluminum. Among PEO coatings, the largest difference between corro-
sion potential and pitting corrosion potential is observed for the sample
coated in the constant potential application regime; in other words, this
coating has a better performance than other coatings in preventing local
corrosion (pits) on aluminum surface.

The polarization curves of the uncoated and coated samples with
a constant potential application of 500 V and a one-way pulse poten-
tial application at different frequencies of 70% and 30% duty cycle are
shown in Fig. 1. After immersion in 3.5 wt% sodium chloride solution
at room temperature, the samples were polarized. As can be seen in the
figures, by applying the PEO coating on the samples, polarization curves
are shifted to the left and the shift in current density is low, which indi-
cates a decrease in corrosion current in the presence of the PEO coating.
Therefore, the PEO coating clearly reduces the corrosion rate of alu-
minum. Also, according to Fig. 1, the cathodic branches of uncoated
and coated samples do not show a significant difference, while in the
anodic branches of uncoated samples with a small increase in potential,
a sharp increase in current is observed. This means that the corrosion
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Fig. 10. (a) Nyquist, (b) Bode-phase, and (c) Bode-impedance diagrams of
PEO-coated aluminum specimens by applying constant potential and one-way
pulse in 30% fixed duty cycle and different frequencies in 3.5 wt% of sodium

chloride after 72 h of immersion.

potential (open circuit potential) is very close to the pitting potential
of the samples. In other words, by immersing uncoated samples in 3.5
wt.% sodium chloride solution, pitting corrosion occurs, which is prac-
tically not observed in the presence of the PEO coating, and there is a
significant difference between corrosion potential and pitting potential.
As seen, this difference between the pitting potential and the corrosion
potential is greater for specimens containing coatings with a duty cycle
of 30%, indicating that pitting occurs later in these specimens

Table 1 shows the results of the slope intersection of the anodic and
cathodic branches for the polarization curves. As can be seen, data in-

cluding corrosion current (i) and corrosion potential (E_ ), slope of

corr corr

anodic and cathodic branches, etc. are obtained from polarization test
data. As shown in Table 2, with the application of the coating, the cor-
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Fig. 11. XRD analysis of phosphorus element in the aluminum sample coated by
applying DC-500V potential, one-way pulse potential at 2000 Hz and 70 % work

cycles, and one-way pulse potential at 1000 Hz and 30% duty cycle.

Table 3.

Resistance values extracted from impedance diagrams in different immersion

times in terms of cm?Q

Sample 45 min 24h 48 h 72 h
Al-bare 200 _ _ N
DC-Coated 4E6 9.8 E3 8E6 13.5E6
1000 Hz-70% 4E6 11 E3 6.6E6 6.3E6
2000 Hz-70% 10E6 42E3 10.3E6 9.7E6
3000 Hz-70% 6E5 9.2 E3 4.6E6 4.8E6
1000 Hz-30% 221.8E6 176E3 142.8E6 174 E6
2000 Hz-30% 1.6 E6 40E3 46.3E6 46 E6
3000 Hz-30% 22.14E6  67E3 99.3E6 111E6

rosion current decreased significantly from 4.3x10* to 10, indicating
a reduction in corrosion in the presence of the coating. Comparing the
corrosion current for the coated samples, the coated samples with the
duty cycle of 30% shows a greater reduction in the corrosion current,
which indicates the suitability of this duty cycle for the improvement of

the corrosion resistance.

3.2. EIS test

Fig. 2 shows the Nyquist and Bode diagrams of aluminum in 3.5
wt% sodium chloride medium. As illustrated, the EIS diagrams of alu-
minum in this solution have a time constant at high and intermediate
frequencies and an induction loop at low frequencies. The induction
loop with a negative phase angle appears in the Bode-phase diagram
(Fig. 2-b). The time constants of the high and middle frequencies are
attributed to the electrochemical interactions of the aluminum surface

leading to the formation of the protective layer or surface oxide layer
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Table 3.

Parameters obtained from polarization corrosion test

Sample E, (mV) i, (Aem?) B (V/decade) B (V/decade) R (Qem’) CR(mmfy) E, (V) %P
Al-bare -0.760 3.2E-4 0.013 0.239 16 35 ~-0.760 -
DC Coated -0.812 3.7E-9 0.143 0.090 6562884 4E-5 -0.420 2.7E-10
1000 Hz-70% -0.814 7.7E-8 0.142 0.093 319865.8 8.35E-4 -0.670 4.11E-9
2000 Hz-70% -0.803 14E-8 0.150 0.093 1718095 62.4E-4 -0.470 5.16E-9
3000 Hz-70% 0.763 1.6E-7 0.134 0.079 1378132 671E-4 -0.608 7.85E-5
1000 Hz-30% 0.667 6.8E-9 0.077 0.062 2175061 7.45E-5 -0.380 7.45E-5
2000 Hz-30% -0.741 1.1E-9 0.108 0.077 18232089 1.2E-5 -0.465 1.17E-5
3000 Hz-30% 0.675 1.2E-9 0.137 0.118 23540935 1.3E-5 -0.453 1.28E-5

itself. The most common theory for describing this time constant is that
it appears due to the corrosion of aluminum at the metal/oxide interface
and the formation of Al* cations. Due to the presence of a high electric
field in the oxide layer, these cations are transferred to the oxide/solution
interface, where they are converted to AI** cations [21, 22].

The reason for the appearance of the induction loop for aluminum
in most corrosive environments has not yet been fully identified. Ad-
sorption of intermediate species such as hydroxyl anions, presence of
a protective layer on the aluminum surface, rearrangement of surface
charges at the metal/oxide interface are the most common theories in this
regard [23, 24]. The results of research activities show that the polariza-
tion resistance at the emergence of the induction loop (as in Fig. 2) can
be estimated by subtracting the diameter of the induction loop from the
time constant diameter of high frequencies. Therefore, in Fig. 2, due to
the large diameter of the induction loop compared to the time constant
of high frequencies, the polarization resistance of aluminum in 3.5 wt.%
sodium chloride solution is estimated to be about 200 Q.cm?.

Fig. 3 shows the impedance diagrams of aluminum specimens with
PEO coating after 45 minutes of immersion in 3.5 wt% sodium chloride
solution. As can be seen, the resulting diagrams are different from the
aluminum impedance diagrams. In this case, the diagrams have a time
constant at high frequencies, a time constant at medium frequencies,
and an infiltration sequence at low frequencies. In the Bode diagrams
(Fig. 3b and c), two time constants can be seen at high and medium
frequencies. According to Nyquist diagrams, the semicircular diameter
is the largest for the 2000 Hz specimen and the smallest for DC-500 V.

The observation of the impedance diagrams in Fig. 3 for the samples
coated with different potential regimes clearly shows the difference be-
tween the different potential regimes. In DC potential mode (500V-DC),
the phase angle starts at about 70 degrees and decreases rapidly. With
the application of the pulse regime, the initial phase angle is increased
to values greater than 80 degrees. In the coating applied at 1000 Hz,
the phase angle in the impedance test is maintained up to a frequency
of about 2000 Hz in phase angle values greater than 80. By increasing
the frequency to 2000 Hz, the time constant of the high frequencies is
maintained up to about 500 Hz and then decreases. Generally, in elec-
trochemical impedance tests, the occurrence of high phase angle and its
maintenance in a wide frequency range indicates the presence of contin-
uous and dense layers on the metal surface [11, 25, 26]. In the coating
applied at 3000 Hz, although the phase angle of time constant of the
high frequencies started at about 80 °, it did not behave like the previous
two modes (1000 and 2000 Hz). Therefore, according to the results, it
seems that the coatings obtained from the pulse regime are denser than
the DC coating, and the coating obtained from the pulse regime with a
frequency of 2000 Hz at the beginning of the immersion period behaves
much better than other coatings.

In the case of Bode module diagrams, the difference in the behavior
of the uncoated aluminum sample and the coated samples in different
conditions can be easily seen. According to Fig. 3, the overall strength of

the aluminum sample is about 21 kQ.cm, which is about 1000 times for
coated samples. The impedance diagrams of the coated specimens under
pulsed conditions and a 30% duty cycle are shown in Fig. 4. Among
these samples, the frequency of 1000 Hz shows better performance than
other samples, and the diameter of the Nyquist diagram of this coating
is larger than that of the others. The DC sample has less resistance than
the others. In the Bode-phase diagram according to Fig. 4, for a coated
sample at a frequency of 1000 Hz over a large frequency range (up to
a frequency of 10 Hz), the value of the phase angle is higher than 80.
In the 3000 Hz coated sample, the phase angle is higher than 80 up to
the frequency of about 300 Hz, but for the 2000 Hz sample and the
DC-V500, the phase angle stability is not observed over a wide range.
Decreasing and then increasing the phase angle is probably due to the
accumulation of corrosion products in the coating pores. Comparing the
diagrams of Fig. 3 with Fig. 4, it can be seen that at 24 h immersion time,
samples with 70% duty cycle have better corrosion behavior and higher
corrosion resistance than 30%.

The impedance diagrams of the samples after 24 hours of immersion
are shown in Fig. 5. During this immersion period, the corrosion behav-
ior of all samples is almost the same. Specimens with a frequency of
2000 Hz and 3000 Hz have larger semicircle diameters. In Bode-phase
diagrams, the phase angle of all samples at the frequency of 100,000
Hz is almost the same and it suddenly decreases. It seems that during
this immersion time, the corrosive solution has entered the coating pores
because the phase angle gradually increases with decreasing frequency.
The Bode module diagram also clearly shows that the behavior of the
coated samples in pulsed mode and at frequencies of 2000 and 3000 is
better than other samples.

After a 24 h of immersion, the impedance diagrams for the DC-500
V and pulse samples under the 30% duty cycle are shown in Fig. 6.
During this immersion period, the behavior of the coated sample at a fre-
quency of 1000 Hz is shown to be better than other samples. According
to the Bode-phase diagram, the phase angle for the sample of 1000 Hz
in a wide range of frequency (up to 1 Hz) is higher than 80 degrees. In
the case of coated samples at 3000 Hz and 2000 Hz, the phase angle is
constant in lower frequency range (approximately up to 900 Hz). In the
case of the DC-V500 coated specimen, the phase angle decreases rapid-
ly. This trend can be clearly seen in the Bode-module diagram.

The impedance diagrams during the 48-hour immersion period are
shown in Fig. 7. The corrosion behavior of all samples is similar, and the
process is similar to that of the 24-hour immersion. During this immer-
sion period, the phase angle decreases immediately. In the Bode-module
pattern, the process is similar to the 24-hour immersion time. In the 30%
duty cycle, after 48 hours of immersion, the impedance test information
is extracted and the results are shown in Fig. 8. The behavior of the sam-
ples is similar to that of 24 hours, and for the sample coated at 1000 Hz,
the phase angle value is constant over a wide frequency range (approxi-
mately up to 0.5 Hz) and is above 80 °. For the 3000 Hz coated sample,
the phase angle is also statically stable and above 80, but for the other 2
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samples (the 2000 Hz coated sample and the DC-500 V coated sample),
the phase angle suddenly decreases.

After immersion for 72 hours, the results of the impedance test for
the DC-500 V potential regime and the pulse potential regime at the fre-
quencies of 1000 Hz, 2000 Hz, and 3000 Hz are plotted as Nyquist and
Bode diagrams in Fig. 9. According to the images, the corrosion process
has not changed noticeably compared to the previous immersion times.
Nevertheless, the corrosion resistance of the coating has increased dra-
matically. The results of the impedance test after 72 hours of immersion
for the DC-500 V sample and pulse samples with a 30% duty cycle are
shown in Fig. 10. Similar to the previous immersion time, the coated
sample at a frequency of 1000 Hz has the phase angle frequency of about
85 degrees in wider frequency range. According to the Bode-modulus
diagram, almost all coated samples show good capacitive behavior in
the pulsed mode. In the case of the DC-500V, there is some difference
with the capacitive behavior, but in general, the corrosion resistance has
increased in all samples.

Generally, according to the impedance diagrams, the corrosion resis-
tance of the coated specimens increases significantly over the immersion
time. Therefore, after 72 hours, the resistance increased to an average of
about 10 MQ [27, 28]. Regarding the pulse potential application regime,
the corrosion behavior of the samples in the duty cycle of 30% is better
than 70%, which can be related to the thickness of the coatings and their
porosity percentage [29]. Therefore, by increasing the thickness and de-
creasing the porosity, the invading chloride ion is able to destroy the
coating at a slower rate. The value of resistance, Rp, at different times is
summarized in Table 3. In the analysis of the impedance diagrams, other
parameters can be also extracted and the corrosion resistance perfor-
mance of the coating can be examined from other aspects, which will
be explained below.

3.3. XRD analysis

To investigate the corrosion behavior, it is better to study the XRD
analysis of the coating. For this purpose, the coatings created in the DC
potential regime and optimized coatings in terms of corrosion resistance
and morphology have been analyzed for further investigation. And the
results are shown in Fig. 11. In the PEO coatings, the o phase provides
the wear resistance of the coating and the y phase provides the corrosion
resistance. In the XRD images, the coated samples generally show three
types of peaks. Fig. 11 shows the sample coated under the DC potential
regime under 500 V. It has a lower y value than the other two samples.
This sample has a large amount of a-Al,O, phase and about 30% of'it is
composed of the y-AlL, O, phase. Also in this composition, some amounts
of aluminum phosphate have been observed.

In the samples coated under the pulse voltage regime at the frequen-
cy of 2000 Hz and the operating cycle of 70 % (Fig. 11), the amount
of aluminum phosphate composition is almost the same as the previ-
ous sample. In this sample, a-Al,O, decreases compared to the previous
sample and the amount of y-Al,O, has been increased. In Fig. 11, which
is related to the coating at 1000 Hz and 30% duty cycle, the percentage
of y phase reaches about 50%, which is in good agreement with the
corrosion diagrams and their corrosion resistance has been increased.

In Fig. 11, there is some aluminum phosphate compound. By in-
creasing the y phase, the amount of this phase has decreased. It is worth
noting that the y phase is in the form of the tetragonal type. y-ALO,,
regardless of its tetragonal distortions, has always been described as
having a cubic spinel structure and a spatial group of Fd3m. Paglia et
al. [29] showed that there is also a tetragonal type for y—Al O, through
neutron diffraction and TEM analysis. In Fig. 11, the XRD result of the
30% sample at 1000Hz is presented, which confirms the presence of this
phase with a tetragonal structure in the coating too. One of the inter-
esting points in XRD diagrams is the presence of aluminum phosphate

phase in the coating, which may be one of the factors that increase the
corrosion resistance of PEO coatings. To confirm the presence of alumi-
num phosphate phase, the distribution of phosphorus under the substrate

was examined.

4. Conclusions

In this research, aluminum was coated by the PEO method in the
optimal electrolyte composition of 10 g/l tetra sodium pyrophosphate, 3
g/l sodium aluminate and 3 g/l potash (KOH). The results are summa-
rized as follows:

1. In general, according to the impedance diagrams, the corrosion
resistance of the coated specimens increases greatly over the
immersion time. After 72 hours, the resistance increased to an
average of about 10 MQ.

2. In the case of pulse potential regime, the corrosion behavior
of the samples in the work cycle of 30% is better than 70%,
which can be related to the thickness of the coatings created
and their porosity.

3. In this way, by increasing the thickness and decreasing the po-
rosity, the invading chloride ion is able to destroy the coating
at a slower rate.
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the cathode materials. However, these cathode materials have some drawbacks such as structural decomposition,
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materials for enhancement of energy density and working voltage. This review focuses on the recently developed Solid electrolyte
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. development of high-power batteries with high energy densities. NiCd
1. Introduction . . . o -
and Ni metal hydride batteries have been principally utilized [2]; Gaston

Electricity supply enhances productivity and access to principal ser- Plante first developed lead-acid battery in 1859. Meanwhile, the second

vices [1]. Powering many electronic devices such as digital cameras. generation of batteries with long cycle life, high energy density, high

laptop computers, and cellular phones have raised the demand for bat- power density has been investigated in the chemical power industry [3].

A novel battery for electronic vehicles was developed by Thomas A.
Edison in 1900 and finally, he patented his Ni-iron battery in 1901 in

teries. Rapid response and long operation times times are favored for the
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the USA. This battery is regarded as his most commercially successful
product. To fabricate the best commercial battery with the right material
combination, he spent over 10 years, performed more than 50,000 ex-
perimental investigations, and withdrew the first fabricated version form
the market [4].

The most extensively used batteries for electrochemical energy stor-
age since the early 1990s are lithium-ion batteries consisting of a lithiat-
ed metal oxide cathode, a liquid electrolyte, and a carbonaceous anode
[5]. Their popularity is due to some inherent advantages such as no envi-
ronmental toxicity, no memory effect, and a long life span. However, by
the dramatic increase in the energy storage demand, we are dealing with
the limited source of lithium over the next decades [6]. Many solid elec-
trolytes such as lithium phosphorus oxynitride (Lipon), Li,La,Zr,0
Li,SnS,, Li,PS,, and Li GeP,S ,
V, therefore, their decomposition does not occur under anodic current.

12°
possess a voltage window beyond 5

Moreover, there is a minimal possibility of the dissolution of transition
metals into the electrolyte when a solid electrolyte is used. Contrary to
carbonate electrolytes, the majority of ceramic solid electrolytes are in-
trinsically inflammable [7].

Room temperature ionic liquids (RTILs) are attracting attention as
green solvents. These materials are being used for new applications
as electrolytes for electrochromic windows, electrochemical mechan-
ical actuators, and numerical displays with dye-sensitized solar cells,
light-emitting electrochemical cells, conducting polymers, and other
devices. These new materials are revolutionizing various technological
and scientific areas such as the battery field [2].

One of the post-lithium batteries is the aluminum-ion batteries
(AIBs) that were first introduced by Tech Vision Electronics in 2017.
It has been reported that the number of patents in this field showed a
29% growth from 2010 to 2016 while the patent filings began only in
2013 [8]. The reason for significant interest in AIBs is the abundance
of Al and its even distribution in the earth [9, 10]. Additionally, a very
high capacity of up to 8.05 Ah/cm® and 2.98 Ah/g can be obtained using
multivalent metal ions transmitting internally in the AIBs [11]. During
the electrochemical reaction, three-electron transfer is usually involved
in an Al-based redox couple, leading to higher energy capacities and
energy density [12].

In this article, we first focus on the description of the electrolyte
batteries, their benefits, and their limitations. Then, batteries with ionic
electrolyte, solid electrolyte, and liquid electrolyte are reviewed. Finally,
the current state of knowledge in the field of AIBs with different com-
posite cathodes is summarized [13].

2. Electrolytic batteries

Electrolytic batteries consist of the cathode, anode, and electrolyte.
Oxides formed on metals provide passive layers on the surfaces of met-
als, which make them stable in contact with gas phases such as air or
liquid phases such as electrolyte solutions. This also happens for the
ion battery electrodes [14]. Therefore, both anode and cathode materials
used in ion batteries do not show stability with respect to electrolyte
solutions [15].

2.1 Batteries with liquid electrolyte

Recently, there have been many papers concentrating on the per-
formance improvement of Li/S batteries [16, 17]. Nevertheless, a few
research reports mentioned that the dissolution of lithium polysulfide in
the lithium/sulfur cell has a significant effect on the performance of the
cell. Polysulfides (PS) are the sulfur reduction intermediates [18-20].
Based on the general formula of Li,Sn — m/8S_ + Li,S  a series of
complicated disproportionation occur for PS in the solution. Therefore,

low-order PS and the less soluble sulfur are formed leading to inactiva-
tion when it deposits into the pores of the separator or precipitates out of
the liquid electrolyte [21]. The literature shows that by the incorporation
of an ionic liquid or a solid salt of quaternary ammonium into the lig-
uid electrolyte, the disproportionation of polysulfide intermediate can be
suppressed [22]. This approach enhances cell capacity retention, but the
redox shuttle of PS cannot be suppressed. Additionally, LiNO, can effec-
tively suppress the PS redox shuttle and increase the charging efficiency
of the cell; however, this effect is vanished by time due to the gradual
consumption of LiNO, on the Li anode. It has also been observed that
the rate capability of the upper voltage plateau is better compared to
the lower voltage plateau because the solid-to-liquid phase transition is
more favorable [23].

It has been indicated that room-temperature lithium/sulfur cells with
organic liquid electrolytes use very low active material [24]. Various
investigations have investigated the electrochemical properties of these
cells with different electrolytes such as polymer/gel electrolytes [25-
30], 1,2-dimethoxyethane (DME) [31], tetra (ethylene glycol) dimethyl
ether (TEGDME) [26, 32-35], carbonate systems [36, 37], 1,3-dioxolane
(DIOX) [31, 33], and tetrahydrofuran (THF). One of the promising or-
ganic solvents for room-temperature lithium/sulfur cells is tetramethy-
lene glycol dimethyl ether (TEGDME). This gel/polymer or liquid elec-
trolyte solvent provides a high first discharge capacity of more than 1200
mAh g'[27, 34, 35].

Cycle performance and discharge capacity of room-temperature lith-
ium/sulfur cells containing polymer electrolytes and single/binary liquid
electrolytes with LiCF,SO, (1 M) were studied [38]. The cycle property
and the cell’s first discharge capacity were shown to be largely depen-
dent on the liquid electrolyte content [39]. According to the investiga-
tions, at about 450 mAh g'1, a medium containing electrolyte around 12
ul yields the stable and optimal cycle performance. Cycle performance
of cells using different electrolytes including 1,2-dimethoxyethane/
di(ethylene glycol)dimethyl ether (DEGDME) (1:1, v/v), TEGDME/
DIOX (1:1, v/v), and TEGDME showed that the TEGDME-based mixed
electrolytes had better results. An increase from 386 to 736 mAh g! was
observed in the initial discharge capacity that stabilized the cycle prop-
erties by adding toluene 5 (vol.%) to TEGDME owing to the decrease in
Li metal interfacial resistance [40]. In this study, cycle performance, Li
metal interfacial resistance, and ionic conductivity in room-temperature
lithium/sulfur cells containing TEGDME/DIOX polymeric electrolyte
and poly(vinylidene fluoride) (PVDF) microporous membrane were
evaluated [41]. Studies revealed the better performance of the liquid
electrolyte in comparison with the polymer electrolyte [30].

Although advancements in the field of lithium/sulfur cells with the
liquid electrolyte are significant challenges remain. The operation of
these cells requires the dissolution of polysulfides and elemental sulfur
in the organic liquid electrolytes [42]. PS and sulfur are electronically
and ionically conductive resistance, therefore, their redox takes place
on the conductive carbon surface in contact with the electrolyte [43].
Hence, the cells are considered as liquid electrochemical cells. However,
two negative charges are carried by polysulfide anions, and it is required
to maintain electric drag between the two electrodes during the cell func-
tion [44]. It has been proven that the outward diffusion of the dissolved
polysulfide from the cathode can be effectively suppressed by sulfur-car-
bon composites [45]. However, as a result of the incorporation of extra
electrochemically inactive carbon, the improvement is accompanied by
the reduction of the energy density. Although a large amount of carbon
is introduced by these composites, the lithium/sulfur cell is still a liquid
cell [46]. The difference is that the absorption of the dissolved PS oc-
curs on the carbon pores and surfaces. According to the electrical drag
effect of polysulfide, protecting the lithium anode against the corrosive
attack of the dissolved polysulfide and the redox shuttle occurs [47]. PS
dissolution and the determination of the power capability of the cells
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Fig. 1. Schematic illustration of batteries with liquid electrolyte.

are dependent on the liquid electrolyte. A facile approach to suppress
the polysulfide redox shuttle and improve the Li deposition morphology
is to incorporate additives to the electrolyte [48]. The low coulombic
efficiency of lithium cycling could be solved by adding LiNO,, however,
it undergoes gradual consumption on the Li anode and cathode and its
strong oxidative property causes safety issues [49].

The advancement of Li/S technology needs safer and more effective
additives. As a result of the high reactivity of PS anionic radicals, the
chemical compatibility for selecting the cell materials such as cathode’s
binder, salt, and electrolyte solvent should be considered as a high prior-
ity [50]. Regardless of the taken approach, it is necessary for the cathode
to possess a relatively high loading and content of sulfur to ensure the
high energy density of the cell [17].

Different liquid electrolytes with high ionic conductivity including
dimethyl carbonate (DMC)/ethylene carbonate (EC), propylene carbon-
ate (PC), and EC/PC have been utilized in sodium-ion batteries [51-54].
Although sulfur electrodes are able to yield good ionic conductivity, the
investigations about using these electrodes for Na batteries with liquid
electrolytes are not extensive. At ambient temperature, a liquid electro-
lyte sodium ionic conductivity composed of NaCF,SO, salt and TEGD-
ME is 3.9 x 102 S cm!, and it could be utilized for room-temperature so-
dium-sulfur batteries. Two regions are observed in the discharge curve:
the first region has a decreasing trend from 2.23 to 1.66 V and the second
region is a plateau at 1.66 V. The first discharge capacity of sodium-sul-
fur cells with liquid electrolytes [55] at room temperature (538 mAh
g") is lower compared to high-temperature counterparts. After a sharp
decrease in the second cycle, the discharge capacity is stabilized at 250
mAh g up to the 10" cycle, and Na S, and Na,S; are the final discharge
products. Sodium or sulfur polysulfides are dissolved into the electrolyte
and sodium sulfides are reduced irreversibly to elemental S at full charge
leading to a decrement of discharge capacity [56]. A schematic illustra-
tion of batteries with liquid electrolytes is shown in Fig. 1.

2.2 Batteries with solid electrolyte

Inorganic solid electrolytes are used in all-solid-state secondary
batteries. These batteries are attracting attention due to their ionic con-
ductivities and better safety compared to conventional batteries [57].
Besides conductivity, the enhancement of cycle performance and the
energy density are highly affected by the mechanical characteristics of
solid electrolytes [58]. High ionic conductivities of some new solid elec-
trolytes including Na,PS , Li GeP,S ,, and Li,P_S | have been reported.
The ionic conductivities of some of them are even close to those of lig-
uid electrolytes [59]. The current issue regarding solid electrolytes is the
improvement of their electrochemical and electrical properties [60]. The
mechanical characteristics of these electrolytes such as densification be-
havior and elastic modulus are important factors for the development of
all-solid-state batteries practically, however, few studies are focusing on
the mechanical characteristics of solid electrolytes with high-ion-con-
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Fig. 2. Schematic illustration of (a) all-solid-state Li+ ion battery (b) a typical
solid-liquid interface, and (c) positive electrode-solid electrolyte interfaces, in
which cations (green circles) and anions (gray triangles) form their networks and
the anions are less mobile.

ductivity [61]. All solid-state Li* ion battery illustration is seen in Fig. 2.

Due to electrolyte decomposition upon the first cycle, a protecting
layer, known as “solid electrolyte interphase (SEI)”, is generated on
the negative electrode of Li-ion batteries. The quality of the SEI high-
ly influences battery performance, safety, exfoliation of graphite, rate
capability, and irreversible charge loss [62]. Thus, this is important to
comprehend the composition and actual nature of SEI. By understanding
the way each component influences the performance of the battery and
the chemistry of the SEI formation, it is possible to tune SEI to improve
battery performance [63]. Properties of SEI including morphology, com-
pactness, thickness, and composition have significant effects on battery
performance. A characteristic of SEI is irreversible charge loss (ICL)
that occurs upon the first cycle, which is the result of the reduction of the
solvent and SEI formation [58]. Moreover, the SEI ability to change the
active material surface to a passive one can affect self-discharge, which
is a detrimental process during storage. Therefore, SEI determines the
shelf-life of a battery [64]. As SEI may evolve and/or dissolve during
cycling, for good cycling life in the battery, stable and effective SEI is
necessary [65] and its necessity is more significant at a deeper depth of
discharge and during high-rate cycling [66]. SEI components show high
sensitivity to temperature, therefore, they affect the low- and high-tem-
peratures performance of the battery [67]. Nevertheless, SEI mostly in-
fluences the safety of the battery [68-70].

The dissolution of transition metals into the electrolyte could be
minimized by solid electrolytes. In contrast to carbonate electrolytes,
most ceramic solid electrolytes are inflammable, and the compatibili-
ty between Li and various solid electrolytes and Li metal is likely to
create dendrites during cycling due to the mechanical robustness of the
electrolytes [71]. In comparison with liquid electrolyte Li batteries, sol-
id-state batteries have lower power densities. This is the result of limited
kinetics of the electrodes, the compatibility of the electrode/electrolyte
interface, and the solid electrolyte low ionic conductivity [72]. Recently,
the development of high ionic-conductive solid electrolytes has made
the production of solid-state Li batteries possible with a power perfor-
mance similar to liquid-electrolyte batteries. However, there is a great
challenge about interfacial instability between the electrolyte and elec-
trode in these batteries. For most solid-state Li batteries, it is required
to properly engineer the interfaces between electrode and electrolyte to
yield good cycling performance [73, 74]

Owing to a moderate Young’s modulus as well as low bond energy,
sulfide solid electrolytes have good processability and high ionic con-
ductivity. Room-temperature pressure sintering can be used for the fab-
rication of sulfide solid electrolytes. All-solid-state batteries, therefore,
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can highly benefit from sulfide solid electrolytes. Some sulfide solid
electrolytes have yielded conductivities comparable to practical Li-ion
batteries [75]. It is necessary to obtain the ideal mechanical characteris-
tics of all-solid-state batteries and fabricate novel solid electrolytes that

have enhanced mechanical properties [61].

2.3 Batteries with ionic electrolyte

N-methyl-N-butyl-piperidinium bis(trifluoromethanesulfonyl imide
(PP14-RTIL)) was prepared as a new room-temperature ionic electro-
lyte for lithium/sulfur cells. The cyclic voltammetry of this new elec-
trolyte exhibited an extant potential window of 5.2 to 0.15 V as well
as electrochemical stability, which make it proper for Li-S electrodes
[76]. The viscosity of water is 0.89 cP at room temperature, while this
value for ionic liquids is in the range of 30-50 cP and sometimes several
hundreds of cP. When [Li+][X-] salt is added to the neat ionic liquid of
[A+][X-], the formed [Li+] [A+] [X-]

m m+n

system has even higher vis-
cosity [77]. Due to the high viscosity of ionic liquids, there are some
problems with their handling. Electrodes involve active materials, a
polymer binder, and an electron conductor (acetylene black). The elec-
trolyte fills the volume between particles [15]. Pure ionic liquids show
low conductivities and high viscosity. The addition of an organic dipolar
aprotic solvent can reduce the viscosity of neat ionic liquids. A sche-
matic illustration of batteries with ionic electrolytes is observed in Fig.
3. Diaw et al. [78] studied conductivities and viscosities of 1-butyl-4
methyl-pyridinium (Py") or 1-butyl-3-methylimidazolium (IMI") asso-
ciated with hexafluorophosphate (PF®) or tetrafluoroborate (BF*) anions
mixed with butyrolactone (BL) or acetonitrile (ACN) in the presence of
lithium hexafluorophosphate or lithium tetrafluoroborate [79]. The mix-
ture of organic solvents with pyridinium and imidazolium are relevant
electrolytes for electrochemical systems. It was shown that the viscosity
and conductivity of the electrolytes are higher than those of pure ionic
liquids. They proposed that these electrolytes are promising for various
electrochemical applications due to their low vapor pressure and good
thermal stability [75].

The liquids in batteries make special pack sealing by themselves that
is necessary for the prevention of liquid leakage and explosive vola-
tiles. Moreover, reactions of lithium metal with liquid solvents lead to
poor battery performance. The electrolyte ionic conductivity often limits
high power [80]. Recently, ionic liquids with organic cations have been
offered as electrolytes [81-83]. Vapor pressure of ionic liquids is negli-
gible compared to conventional liquid solvents. However, Li batteries
need the transportation of Li* cations between the cathode and anode.
Therefore, doping with a suitable LiX salt is required for ionic liquids
[81, 82]. Then the doped ionic liquid is incorporated in a thin, flexible
membrane to be applicable for a battery electrolyte. Within the mem-
branes, the Li* cation transport mechanism is changed by the presence of

0,
\ g
H,0
Wate,

(aquegyg

H, «— electrolyge)
AB* \‘ H,
corrosion AlO,

corrosion

Fig. 4. Schematic of room-temperature corrosion behavior of aluminum in water.

an ionic liquid. This is an important issue because the conductivity can
increase beyond the existing limits for dry polymer electrolytes offering
promising possibilities for the long-sight in high energy lithium-met-
al-polymer batteries [2].

3. Types of aluminum-ion batteries according to differ-

ent cathodes
3.1. Aluminum-ion batteries

Aluminum is one of the most abundant metals in the earth’s crust
[84-86]. Al may offer considerable safety enhancement and cost-sav-
ing in comparison with its counterparts due to its easier handling and
lower reactivity. Furthermore, aluminum is one of the ideal elements
that can be used in rechargeable batteries owing to its small electro-
chemical equivalent around 0.336 g Ah! and highly negative redox po-
tential around ~1.676 V vs. standard hydrogen electrode [87]. On the
other hand, there have been several issues in the past such as the effect
of absence of discharge voltage plateaus on the capacitive behavior [69,
88] low discharge voltage [89], and the disintegration of disintegration
[90, 91]. The surface of Al is easily oxidized and inert AL,O, oxide films
are generated that decreases the Al electrode potential rapidly. Al is an
amphiprotic metal with the chemical activity that tends to react with
aqueous-medium. This explains why rechargeable aluminum-ion-batter-
ies have not been industrialized [92, 93].

In recent works, some new electrode materials have been explored
such as Prussian blue analogues (PBAs) [94], polymers [95], fluorinated
natural graphite [96], TiO, [97, 98], and V,0, [99], VO, [100], graphit-
ic-foam, carbon, and sulfide materials [101, 102]. According to several
studies, Al ions intercalate into or de-intercalate from the electrode ma-
terials as complex ions or they can have a redox reaction with active
materials of the positive electrode [3, 103].

Al deposition occurs at potentials that are beyond the water stability
region, therefore, using Al as a negative electrode in the presence of an
aqueous electrolyte in a secondary aluminum-ion battery is not feasible
[104]. In these potentials, decomposition of the electrolyte occurs and
ion transport gets disrupted [105]. Calculated theoretical specific ener-
gies and specific energies in real systems have reached 1,090 Wh/kg and
200 Wh/kg, respectively, which both are far less than the value for pure
aluminum. By using a mixing system and a complex electrolyte supply,
such batteries are utilized in the marine sector [106]. Because the Al
electrode inherently generates hydrogen, it is required to design batteries
with a different design in which metallic Al is not used [107]. Holland et
al. [108] used TiO, as the negative electrode, copper-hexacyanoferrate
(CuHCF) as the positive electrode, and an electrolyte of KCI and AICI,
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aqueous solution. Fig. 4 shows the schematic of the room-temperature
corrosion behavior of aluminum in water. According to the authors, the
AP jons are the mobile species, and the obtained discharge voltage
measured to be 1.5 V. Furthermore, at a specific power of 300 W/kg,
the specific energy was reported to be 15 Wh/kg and for over 1,750 cy-
cles, energy efficiency remained above 70%. There is a limitation for the
overall reachable energy density in these cells due to using a negative
electrode that consists of other materials than Al [4].

Al-air batteries consist of a negative electrode of Al, a positive
electrode that enables transportation and reduction of oxygen, and an
electrolyte consisting of alkaline solutions of sodium chloride (NaCl),
potassium hydroxide (KOH), or sodium hydroxide (NaOH) [109]. Re-
chargeable batteries with non-aqueous electrolytes like ionic liquids
have been also reported. These batteries have some problems such as
short shelf life, lack of rechargeability, sluggish discharge kinetics, a
high self-discharge rate, and the corrosion of aluminum [38]. In the case
of the passivation regime, the cell voltage and cell efficiency decreased
due to the oxide layer on the Al electrode surface [110].

Secondary Al batteries usually consist of a negative electrode of Al
and a non-aqueous ionic liquid electrolyte based on chloroaluminate
[111]. Since 1988, these electrolytes have gained attention, when im-
idazolium chloride and AICI, were utilized because of comparably wide
electrochemical windows and their low vapor pressure which enable
plating efficiencies and highly reversible stripping of aluminum. The
same electrolyte was used for secondary aluminum batteries in subse-
quent studies due to the high success in Li-ion batteries [112].

For using the full potential of the Al-ion batteries, the negative elec-
trode should be composed of pure Al. On the other hand, the protective
oxide layer formed on the surface of this metal has an adverse effect
on battery performance [113]. This is because the reversible electrode
potential would not be obtained and there would be a delay in the ac-
tivation of the electrode [105]. The enhancement of the electrode po-
tential leads to accelerated corrosion in the liquid electrolyte (parasitic
corrosion reaction occurs leading to the consumption of the electrode
and evolution of hydrogen) and less shelf life. This happens for an Al
battery with a liquid electrolyte. To reduce the parasitic corrosion of the
Al electrodes, the deposition of other oxide layers and additions to the
liquid electrolytes have been practiced [114]. Some research has report-
ed the advantages of the oxide layer namely the restriction of strong
surface corrosion and the growth of crystalline Al dendrites resulting in
the improvement of the cycling stability of Al batteries [4].

In solid electrolytes, the Al electrode surface is of great importance.
Before joining to the solid electrolyte, the oxide surface layer should be
removed from the Al electrode surface. In an alternative way, a physical
vapor deposition technique can be used for Al deposition or liquefied
aluminum infiltration in the solid electrolyte [115]. Due to environmen-
tal benignity, low cost, and high energy density, Al is considered as a
suitable electrode candidate for rechargeable batteries. However, the Al
primary and secondary batteries have not found a way into the market.
In the Al primary battery, the voltage is lower than the theoretical value.
This behavior is the result of a protective layer on Al that delays the volt-
age recovery phenomenon. In the Al secondary battery, operation at high
temperatures is needed because of the restrictions of some high-tem-
perature molten salts in electrolytes [116].

To meet the techno-economic requirements, positive electrodes
should have specific properties. The energy density of oxide materials is
close to the upper boundary. The positive electrode has the open-circuit
voltage (OCV) of around 2.5 V and the positive electrode is required
to possess a density above 4 g/cm® for meeting the requirement of, for
example, the United States Advanced Battery Consortium goals [117].

3.2 Aluminum-ion batteries with different cathodes

According to Rani et al. [26], to obtain high energy density in Al-ion
batteries, the cathode is required to release and accommodate the AI**
ions during charge/discharge. Cathode materials such as V,0, nano-wire
and spinel A-Mn,O, showed promising results in rechargeable alumi-
num-ion batteries with an aluminum ion conducting ionic liquid elec-
trolyte. There are extensive studies about graphite fluorides as cathode
materials in lithium batteries [29, 33, 118-120] and to a certain extent in
Al and Mg batteries [81]. For the first time, an Al-ion battery consisting
of AICI, and imidazolium-based ionic liquid electrolyte, fluorinated nat-
ural graphite cathode, and an aluminum anode is reported. Non-covalent
C-F bonds are formed in fluorinated natural graphite prepared by the
electrochemical method. The discharge capacity of 225 mAh g' as well
as very stable electrochemical behavior was observed during the cycle
life studies of these batteries [121].

In a study by Reed et al. [27], the electrochemistry of CuHCF as a
cathode material for Al ions during cycling with aqueous Mg*" is de-
scribed in detail. The electrolyte was composed of aluminum triflate
that was dissolved in diethylene glycol dimethyl ether (diglyme). They
presented reversible Al intercalation and deintercalation from an organic
electrolyte into CuHCF. The study indicated the intercalating behavior
of the Al-solute complex [122]. The results showed that the initial dis-
charge capacities of the system were as high as 60 mAh/g. Furthermore,
reversible capacities were found to be in the range of 5 and 14 mAh/g,
and capacity typically faded after 10 to 15 cycles. The redox activity of
Cu*/Cu* and Fe*'/Fe** was observed in cyclic voltammograms. It was
proposed that the third redox peak might be the result of the Fe3"/Fe*"
redox couple. According to Gaussian calculations and capacity analysis,
an Al/diglyme complex intercalated into defect sites in the CuHCF more
than a free aluminum ion resulting in low reversible capacity.

Anatase TiO, nanotube arrays were incorporated in an aqueous solu-
tion of AICI, and the electrochemical aluminum storage was investigat-
ed by Liu et al. [28]. The metallic Ti foil substrate was anodized and
calcinated to prepare anatase TiO, nanotube arrays. It was shown that
AP’ ions are able to be reversibly inserted into and extracted from ana-
tase nanotube arrays of TiO, in the presence of aqueous solution owing
to the Al ion small radius steric influence. The diffusion of the solid
phase into the anatase TiO, nanotube arrays controls the aluminum ion
insertion. This research is a guide for the fabrication of new intercalation
materials for using in aqueous rechargeable batteries based on small ra-
dius, multi-valent ions [123].

Hu et al. [29] reported a new cathode material for Al-ion batteries
based on a self-standing and binder-free cobalt sulfide encapsulated
in carbon nanotubes. They reported that the novel electrode materials
showed very high cycling stability, improved rate performance of 154
mAh g'at 1 A g',and a high discharge capacity of about 315 mAh g at
100 mA g'. Its discharge capacity was stabilized at 87 mAh g'at 1 A g’
after 6000 cycles. The material disintegrations and side reactions were
suppressed by the electrode freestanding property. Based on this investi-
gation, the design of high-performance cathode materials for flexible as
well as scalable Al-ion batteries s is possible [124].

Wang et al. [30] developed an aqueous rechargeable Zn/Al ion bat-
tery in which the positive electrode was ultrathin graphite nanosheets,
the negative electrode was zinc, and the electrolyte was AL(SO,),/
Zn(CHCOO),. The preparation method for the positive electrode was
the electrochemical expansion in aqueous solution. The raw materials
for the preparation of the Zn negative electrode and the aqueous elec-
trolyte are abundant and the cost is low [125]. The average operating
voltage of this rechargeable battery (1.0 V) was reported to be higher
compared to most rechargeable AIBs with ionic liquid electrolytes. Fur-
thermore, the battery maintained a high capacity and was able to be rap-
idly charged in 2 min. It was also capable of retention of capacity (94%)
after 200 cycles showing its good cycling behavior [126].

As a result of natural abundance and high electrochemical activity,
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Wei et al. [32] used MoO, as a host material for Li storage. The ionic
liquid electrolyte was 1-ethyl-3- methylimidazolium chloride/AlCl, and
the cathode was prepared by fabrication of a dense MoO, layer on nickel
foam. It was observed that the discharge potential was 1.9 V that is in-
dicated to be higher than most metal oxide cathodes of AIBs studied so
far. Moreover, at 100 mA g, it exhibited a specific discharge capacity
of 90 mAh g-1. However, after long cycling, the dissolution of molyb-
denum oxide and its transfer to the separator lead to a rapid capacity
decay [127].

3.3 Aluminum-ion batteries with composite cathodes

A new AIB based on intercalation and deintercalation of AI** was
developed by Wang et al. [6]. In this battery, the anode was Al foil, the
cathode material was Ni,S /graphene micro flakes composite, and the
ionic liquid electrolyte was l-ethyl-3- methylimidazolium chloride/
AICI,. A high discharge voltage plateau was observed in the battery
(=1.0 V vs. AI/AICI*) providing a remarkable step forward in devel-
oping AlBs.

Zhang et al. [3] used a composite of VS, and reduced graphene oxide
(rGO) for the AIB cathode with ionic liquid electrolytes. At 100 mA g,
the initial charge specific capacity and discharge specific capacity were
reported to approach 491.57 and 406.94 mAh g , respectively. High-re-
tained capacity and coulombic efficiency above 90% after 100 cycles are
the indicators of the suitability of the cathode material for new recharge-
able Al-ion batteries.

The microsphere composite of Li,VO,@C was developed by Jiang
et al. [128] as a new cathode material used in AIBs. According to the
results, the battery initial discharge capacity was 137 mAh g, and the
retained capacity upon 100 cycles was measured to be 48 mAh g! with
coulombic efficiency of almost 100%. It was observed that metallic alu-
minum was dissolved and deposited in the anode and AI** cations insert-
ed and de-inserted in the cathode. These fabricated rechargeable AIBs
had low cost and high safety offering them suitable cathode materials in
acidic ionic liquid electrolyte systems.

The rechargeable AIB prepared by Wang et al. [129] was composed
of an ionic liquid electrolyte of 1- ethyl-3-methylimidazolium chloride/
AICl, and a cathode of three-dimensional hierarchical CuS microsphere
composed of nanoflakes. The battery demonstrated a coulombic efficien-
cy of approximately 100% after 100 cycles, an average discharge volt-
age of nearly 1.0 V vs. AI/AICI*, and a reversible specific capacity of 90
mAh g at 20 mA g'. The well-defined cathode nanostructure facilitates
the ion/electron transfer, particularly for large-sized chloroaluminate
ions resulting in remarkable electrochemical performance.

The use of natural graphite for the cathode for AIBs was reported
by Wei et al. [130]. Nevertheless, the natural graphite lifetime is short
due to some problems such as severe volume swelling. Therefore, the
authors deposited an amorphous carbon on a graphite paper. According
to the charge/discharge outcomes, the cycle life of the composite was
higher than that of the graphite paper. It was also indicated that the en-
hancement of the cycling stability was mostly attributed to the graphite
paper and amorphous carbon interface.

In a study by Chiku et al. [131], a composite of carbon/V,O, was
prepared for the positive electrode of AIB. The electrolyte solution was
a mix of toluene, aluminum chloride, and dipropylsulfone with a mass
ratio of 1:10:5. The amorphous V,0; exhibited a reversible oxidation/
reduction reaction in the electrolyte. The rechargeable AIB with the pos-
itive electrode of V,0,/carbon exhibited a discharge capacity of more
than 200 mA g with the C/40 discharge rate.

The aluminum secondary battery developed by Uemura et al. [132]
was composed of ionic liquid electrolytes of 1-ethyl-3-methylimidazoli-
um chloride/AlCl,, aluminum metal anode, and a cathode of graphene
nanoplatelet composite, which was fabricated by a slurry-coating route.

The battery showed capacity retention of around 66 % at 6000 mA g,
and a reversible capacity of 70 mAh g at 2000 mA g™'. At 2000 mA g',
a coulombic efficiency of 99% was obtained up to 3000 cycles.

4. Conclusions and future insights

This paper first summarized the types of electrolytic batteries in
terms of the electrolyte type including solid, liquid, and ionic electro-
lytes. Then, due to the advantages of Al-ion batteries including excel-
lent reversibility, high security, and low cost, more details are presented
about these batteries. Some AIB cathodes including composite cathodes
were introduced. A new trend for AIB development seems to be com-
posite materials such as graphite, CuS, V,0,, Li,VO,@C, VS, /rGO, and
Ni,S,/graphene. However, such materials still have some drawbacks
such as structural decomposition, low battery capacity, low discharge
voltage, and volume expansion resulting from the embedment of large
size intercalation ions [133]. The AIB development is still in primary
stages; however, there are clear directions for forthcoming research.
Future investigations might concentrate on seeking cheaper electrolytes
and novel cathode materials to promote energy density and working
voltage. Laptops and smartphones need high energy density, thus the
application of AIBs in these devices is not feasible at present. On the
other hand, AIBs can offer high power and fast charge transfer to balance
the electricity supply, which is required for the electricity grid. AIBs can
play a pivotal role in production and life in the future if their electro-
chemical performance is remarkably improved [112].
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1. Introduction

Most industrial processes involve operating under harsh environ-
ments of high temperature, high pressure, increased temperature gra-
dients, and foreign object damage (FOD), corroding and oxidizing at-
mosphere, and large stresses on individual components. Marine, aero,
and industrial gas turbines are examples of such industrial processes [1].
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Coatings on the surface of materials improve materials appearance,
mechanical, and physical properties [2-4]. A thick barricade will be built
on the surfaces of metals by the coating against atmospheric oxygen and
water [5-7]. Thermal barrier coatings (TBCs) are extensively utilized
for the durability enhancement of hot metallic components operating in
advanced gas turbines or power generation and aircraft [8]. However,
the initiation of cracks, their propagation, and coalescence result in the
coating spallation, which exposes the hot-section metallic components
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to high temperature and oxidation [9, 10].

In the past 15 years, a considerable section of research activities
has been allocated to self-healing materials [11-13]. The aim of using
self-healing materials is to restore the mechanical and physical integrity
and properties rapidly after being damaged. The self-repairing ability
of materials is a treasured characteristic due to expanding the material
service period offering benefits in terms of financial aspects and human
safety requirements [5, 14].

This review article focuses on the TBCs and their structures, restric-
tions, and modifications techniques [15]. Subsequently, self-healing ma-
terials and self-healing composite TBCs are introduced, and finally, their
coating methods, mechanism, and applications in TBCs are discussed
[16].

2. Structure of TBCs

In order to protect metallic parts of vanes, blades, and combustion
chambers in jet engines and gas turbines from oxidation and corrosion at
high temperatures, TBCs are often applied on their surfaces [17-19]. The
TBCs primary function is to enable the hot operating parts to bear higher
service temperatures beyond the underlying metals limit temperature.
When the hot sections are protected by TBCs with a thickness in the
range of 150 to 800 um, the inlet temperature can be increased by 100
to 300 °C [20].

There are three layers in the TBC structure applied on the surface of
a metallic substrate: 1) the bond-coat (BC) applied on the surface of the
substrate; 2) thermally grown oxide (TGO), which is generated at the
BC/TC interface; 3) the ceramic top-coat (TC) [21]. BC and TC com-
monly consist of MCrAlY (M can be Co, Ni, Fe, or their combinations)
layer, and zirconia that is partially stabilized with Yittria (YSZ), respec-
tively. The TGO oxide layer mostly composed of AL, O,, is generated at
the BC/TC interface during high-temperature service in the air [22, 23].
YSZ has a porous structure and with the increase in service time, oxygen
penetrates the coating or cracks and reacts with the bond coat materials.
Due to this reaction, the TGO layer grows by the metallic BC selective
oxidation and is mainly composed of alumina. One of the main reasons
for cracking, delamination, and spallation of YSZ has been reported to
be the TGO layer growth [24-27].

Zirconia-based coatings are favored in TBCs owing to their relative-
ly high thermal expansion coefficient (TEC), good oxidation resistance,
good thermal shock resistance low thermal conductivity, and good mi-
crostructure stability [28, 29].

3. TBC problems

Propagation of cracks in TBCs during the service period leads to the
coating delamination and failure of TBC coatings on hot components [9,
30]. Spallation of the coatings occurs by the sequential steps of crack
initiation, propagation, and coalescence leaving hot-section components
unprotected against the high-temperature environment [1, 31]. TC is a
high-temperature resistant oxide layer and BC is a connecting layer be-
tween TC and the substrate. The TGO layer formed by the diffusion of
O, through TC and the BC layer oxidation has considerably different
TEC with the top coat. Due to the thermal expansion coefficient mis-
match, thermal cycling may cause stress in the coating resulting in the
crack formation and the coating peeling leaving the substrate unprotect-
ed [32, 33]. Understanding the failure mechanisms in the TBC coatings
during operation can help us improve the durability of these coatings.
Several failure mechanisms have been reported in the literature [34].
Generally, three main mechanisms contribute to TBC failure:

1) Most TBC coatings fail at or near the BC/TGO interface result-

ing from elastic strain energy and stress concentration caused by the
thickening of TGO and thermal expansion mismatch [35]. Upon cool-
ing down from service temperature to room temperature, the mismatch
of TEC between the substrate, BC, and TGO causes high compressive
stresses in the ceramic layer [36]. Because of growth strain, high com-
pressive stresses are applied to the TGO. Consequently, the strain energy
is released by TGO distortion in the system, which leads to the creation
of the tensile and compressive stress gradient. The key reason for nu-
cleation and propagation of cracks in TGO and thereby, the ultimate
spallation of the coating is tensile stress [34, 35, 37].

2) In air plasma-sprayed TBCs, spallation also occurs at the splat
boundaries of the ceramic top coat. The spallation resistance of the
coatings can be increased by altering the coatings architecture, sintering
suppression within the top-coat, and using an innovative plasma-spray
process [34, 38].

3) Besides thermal-driven damages, TBC damages might be due to
mechanical causes such as mechanical fatigue caused by vibration and
FOD [34, 39].

4. TBC modification
4.1. New TBCs

The refractory materials are preferably considered for developing
new TBC materials. In this regard, the properties of four ceramic mate-
rial groups are believed to be more promising for further investigations.
These groups are mainly highly-defected zirconium oxide compounds,
rare fluorite, and pyrochlore-type earth zirconates, hexa-aluminates, and
perovskites. Fluorite and pyrochlore-type earth zirconates have been
considered as the most promising choices for the development of new
TBC coatings [26, 40].

Predicting the lifetime of TBCs is essential for the improvement of
the safety of TBC components [41]. The turbine inlet temperature can be
increased to 2000 K in the new generation of engines having high thrust
ratios [42]. In these cases, YSZ-based traditional TBCs could not satisfy
the requirements of thermal barriers [43]. In recent years, new TBC ma-
terials have been widely explored in order to build coatings that can bear
higher temperatures than the traditional TBCs [25]. Some new TBCs
include: 1) Lanthanum cerium oxide (La,Ce,O,) that possess a lower
thermal conductivity and a higher TEC than those of YSZ; Lanthanum
cerium oxide (La,Ce,0,) was proposed as a new material for TBC for
its low thermal conductivity and large TEC, which is close to the BCs
thermal expansion coefficient. Thermal cycling studies using a La,Ce,0,
coating showed that the thermal stability of the La,Ce,O, coating is com-
parable to the stability of the more traditional YSZ coating. Thus, the
lifetime of a single layer of La,Ce, 0, is similar to the lifetime of a single
layer of YSZ. However, for multi-layer coatings, the La,Ce,0, coatings
showed a longer lifetime than the YSZ coatings [44-46].

2) Pyrochlore oxides (A,B,0.) are structures comprised of 2 cations
with a +3 oxidation state, such as La**, or Lu** (indicated by A), 2 cations
with a +4 oxidation state, such as Zr*, Hf*" or Ti*" (indicated by B), and
7 oxygen anions. Gd,Zr,0, and La,Zr,0, are common examples of these
pyrochlore oxides. These materials typically have a lower thermal con-
ductivity, a higher melting point, and a relatively higher TEC compared
to YSZ, which makes them suitable for TBC [24, 47-49].

3) Neodymium cerate (Nd,Ce,O,) has a fluorite type crystal struc-
ture, which is stable at high temperatures up to 1600 °C and has a lower
thermal conductivity than YSZ [29]. These thermal properties make this
material very promising to be used in advanced TBCs [50-53], such as
those used in turbine engines [54, 55].

4) Another material proposed as a new TBC is NiCoCrAlY, which
is thermally stable at temperatures ranging from 1200 to 1400 °C [56].
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Fig. 1. Self-healing mechanism in TBCs with MoSi, particles.

This material is used on Ni-based superalloys to improve its resistance
to oxidation. At high temperatures, NiCoCrAlY forms an oxide layer
between the BC and the ceramic top coat. The underlying metal is pro-
tected from further oxidation by this oxide layer. This oxide layer is also
the first place where this TBC fails and thereby, the spallation of TC is
promoted [57-59].

4.2. Changing structure

Along with the new gas turbine development, there have been many
investigations focusing on the introduction of advanced TBC coatings
with higher temperature stability and lower thermal conductivity [60].
As mentioned above, the most popular material for TC in TBCs is 7-8
wt. % YSZ. It shows many advantages; however, it suffers from a few
drawbacks and limitations. It is possible for the YSZ coating to undergo
an adverse phase transformation upon thermal cycling; also, it may be
sintered at elevated temperatures during the service period [34].

The coatings deposited by electron-beam physical vapor deposition
(EB-PVD) exhibit improved erosion, strain, and thermal shock resis-
tance due to their columnar microstructure [61]. Three types of EB—
PVD thermal barrier coatings exist; two-layered, multilayered, and
graded TBCs. TBCs with the two-layered structure is the conventional
coatings involving the MCrAlY bond coat and YSZ top coat [56]. It has
been recently proposed that graded composites of lanthanum hexa-alu-
minate and alumina present elevated fracture toughness and ductility
[47, 62]. The feasibility of functionally graded thermal barrier coatings
by spark plasma sintering was also reported [63, 64]. The stress between
TC and BC that is the result of different TEC can be relaxed by graded
TBCs. A transition layer with alumina between TC and BC is present in
these coatings. It has been indicated that the oxidation and thermal shock
resistance of graded TBCs are much higher than those of two-layered
TBCs [61]. Multi-layered TBCs are commonly utilized for particular
applications [56].

4.3. Nano Structure

New proposed structural, chemical, and technological approaches
for developing new TBCs are not able to deal with all failure factors.
Indeed, enhancements of some properties cause a reduction in other
characteristics of the materials [65]. To obtain a combination of desired
properties, the TBC architecture can be changed and multilayer coatings
with engineered layers can be applied, according to their requirements
[66]. Compared to conventional TBCs, nanostructure thermal barrier
coatings have shown enhanced thermal insulation property and thermal
cycling lifetime. Nanozones that consist of unmelted particles shows an
utterly porous morphology. These nanopores are homogeneously dis-

tributed and besides microcracks, existing voids, and fine grain structure
act as phonon scattering centers. Therefore, the thermal conductivity of
the coatings is significantly reduced [34]. It has been reported that nano-
structured ceramic coatings have excellent mechanical properties, and
high TEC [67-74].

Despite the aformentioned properties, the applicability of nanostruc-
tured TBCs is skeptical. It is proposed that when nanostructured YSZ
coatings are exposed to high-temperature environments, their densifi-
cation or sintering rates are higher than that of conventional TBCs [73].
As a result of the high sintering rate, coating stiffening (elastic modulus
values) and thermal conductivity/ diffusivity increase beyond critical
levels; therefore, it might cause premature failure and limit the applica-
tion of nanostructured TBCs [73].

5. Self-healing composite TBCs

In the 1970s, self-healing ceramic materials were first introduced.
Self-healing materials are able to repair cracks in ceramics upon heat
treatment. Many polymeric, metallic, and concrete-based materials have
been reported as self-healing materials over the past few years [75]. Ma-
jority of studies in the field of self-healing ceramics are allocated to the
use of SiC for healing, which occurs through the oxidation of SiC parti-
cles and the resulting volume expansion into the cracks [75].

Sloof et al. [76] took the first step to fabricate thermal barrier coat-
ings with self-healing capability. They incorporated boron alloyed
MoSi, (B-MoSi,) into the YSZ coating and indicated that the addition of
these particles did not create extra stresses during thermal cycles [77]. In
the absence of oxidative atmospheres, B-MoSi, particles remain solid at
1100 °C, and their TEC is close to that of the YSZ matrix. Additionally,
the fluidity of SiO, at the service temperature increases by alloying the
MoSi, with B, which facilitates the filling of cracks [78]. When cracks
are formed, B-MoSi, particles embedded into the thermal barrier coat-
ing are exposed to a high oxygen potential atmosphere followed by the
formation of amorphous SiO, by the oxidation reaction Amorphous sil-
ica flows into generated cracks and comes into direct contact with their
walls. This amorphous oxide then reacts with zirconia and form solid re-
action products, mainly ZrSiO,, that adhere to the walls [79]. The mech-
anism of self-healing in TBCs with MoSi, particles is shown in Fig. 1.

6. Coating methods

As mentioned earlier, in an oxygen-containing atmosphere, the
material is oxidized rapidly at 1000-1200 °C [80]. Besides, due to the
very porous structure of YSZ, oxygen easily penetrates YSZ, and the
ceramic layer is not able to accommodate the compressive stresses to
a specific extent [76, 81]. The thickness of the protective SiO, coating
on the bulk MoSi, formed above 800 °C reaches usually several um;
therefore, a significant amount of the material in particles is consumed.
Moreover, formed SiO, would react with ZrO, to form zircon. To pre-
vent these reactions, applying a coating is necessary. Various materials
have been studied, such as ZrSiO,, Al Si,0,,, and AL,O,. However, Al,O,
is commonly used for coating the self-healing ceramics in TBCs [82].
To enhance their corrosion and oxidation resistance, silicon-containing
particles such as MoSi, and SiC have been coated by Al,O, [83-85].

Atomic layer deposition (ALD) and sol-gel are the two common
methods for alumina coating deposition. The sol-gel method is very ver-
satile; however, the system should be in the form of a sol or at least not
fully gelated [86]. Although AlO; is the most studied material prepared
by sol-gel, the majority of investigations are associated with bulk AL,O,,
particularly for catalytic applications. For the production of particles
from the environment, several studies have been carried out on particle
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Fig. 2. Coating of MoSi, particles by the sol-gel method.

coating by sol-gel, for instance, on SiC [87, 88], magnetic particles [89],
and phosphors [90]. As a result of very similar surfaces (a native SiO,
layer), there have been several useful investigations of alumina coating
on SiC by the sol-gel method; however, studies on MoSi, sol-gel coating
with AL O, are rare [91]. The sol-gel production of the Al,O, coating on
MoSi, particles is shown schematically in Fig. 2.

ALD is a technique based on chemical vapor deposition, which is
an important method to deposit thin films from gas-phase reactants. In
this technique, two self-limiting half-reactions occur for the deposition
of solid films on the surface. Controlling the thickness of the film is
possible due to these self-limiting reactions [92]. ALD is mainly used for
the deposition of thin coatings on relatively flat substrates and wafers.
Although there are some challenges regarding deposition on particles,
it is possible to use this technique for particles. Particles possess a sig-
nificantly larger surface area compared to wafers requiring the supply of
more reactants. The slow mass transfer occurring in a bed of particles is
another problem associated with the particle coating, even in the case of
high porosity. This leads to the formation of non-homogeneous coatings
[93, 94].

Using a fluidized bed is a solution to these problems. In this pro-
cess, the particles are suspended in a gas flow by blowing the gas with
sufficient velocity through the bed of particles. As a result, both the gas
and particles act as fluids enhancing contact and mixing gas and solid
enormously [95].

7. Self-healing mechanism in thermal barrier coatings

The addition of SiC particles to brittle materials such as mullite
(3A1,0,°2Si0,), ALO,,
materials and it also could give self-healing capability to these materials

and Si,N, could increase the toughness of these

[96-98]. When SiC particles interact with cracks at high temperatures,
SiC reacts with O, resulting in the formation of a silica-based reaction
product with volume expansion, which flows into the crack [64]. It is
desirable to use self-repair mechanisms at high temperatures to enhance
the lifetime of TBC coatings. Using MoSi, particles in the YSZ matrix
for high-temperature crack-healing has been reported [79, 99]. The heal-
ing ability of MoSi, particles is due to the release of viscous SiO, into
the cracks and a subsequent reaction of the formed SiO, with the matrix
through a solid-state reaction. As a result of the reaction, load-bearing
crystalline ZrSiO, is formed, providing enhanced adhesion between the
fractured surface and the healing agent [100].

The porous structure of YSZ facilitates the diffusion of oxygen,
which might lead to the premature oxidation of the particles, even in
the absence of cracks interfering in the healing process in TBCs [101].
Therefore, to prohibit the premature initiation of the healing mechanism
in TBCs and maintain the particles in a dormant state, it is required to
apply an inert shell that is impenetrable against oxygen on the surface of

the actual intermetallic particles [102]. The ideal material for the protec-
tion of the particles is a-alumina, due to a low permeability for oxygen
[103, 104] and good thermal stability [105]. When a crack penetrates
the AL O, shell surrounding active MoSi,, the healing mechanism is ac-
tivated [17].

The healing agent incorporated in thermal barrier coatings should
have some properties [106] including:1) it should be in the solid phase
at the operating temperature because liquids have a large thermal con-
ductivity and large TEC; 2) it should be turned into a liquid to wet the
crack surfaces and fill the crack; 3) the liquid medium should turn into
a solid phase by the reaction between the TBC material and the liquid
phase through a solid-state chemical reaction. As a result of this process,
the crack is healed by a well-bonded crystalline material having low
thermal conductivity [107].

The high-temperature oxidation of MoSi, has been studied exten-
sively, due to its use as heating elements in many high-temperature fur-
naces. There are two oxidizable components in the system: molybde-
num and silicon, which make the behavior of the system rather complex
[108]. The oxidation temperature of MoSi, ranges between 400 and 500
°C, and at temperatures lower than 800 °C, reaction starts as follow:

2 MoSi, (s) + 7 0, (g) — 2 MoO, (s) + 4 SiO, (s) (<800 °C) 1)

Zhu et al. [76] found that above the melting point of MoO, (approx-
imately 800 °C), the formation of Mo,Si, and SiO, is more thermody-
namically favored than that of MoO,, according to reaction 3.2. Mo,Si,
can be further oxidized in the presence of adequate oxygen (according to
reaction 3.3). At this temperature, however, the vapor pressure of MoO,
becomes significant, causing most of MoO; to be removed. Therefore,
the formation of the SiO, scale starts at 800 °C, protecting the MoSi, and
Mo,Si, phases.

5 MoSi, (s) + 7 O, (g) — Mo5Si, (s) + 7 SiO, (s) (>800 °C) ?2)

Mo5Si, (s) + 10.5 O, (g) — 5 MoO, (g) + 3 SiO, (s) (>800 °C) (3)

Porosity in the formed scale due to the significant formation of
MoO, below 800 °C occurs as a phenomenon referred to the oxidation
of MoSi,, which prevents a protective coating formation. If no initial
protective coating is formed, oxidation of MoSi, continues at high rates,
which is a challenge in bulk MoSi, applications. However, a protective
coating is needed for particles due to the required thickness of the SiO,
coatings in several pm, which is already mentioned in the theory section
[109]. Therefore, the consumption of a significant part of the healing
particle to form this coating is necessary.

Attempts have been made to alloy MoSi, with boron and aluminum,
due to its interesting high-temperature properties and intermetallic na-
ture [110]. Mao found that boron stabilizes the amorphous phase of SiO,.
On the contrary, MoSi, tends to form separate phases with molybdenum.
However, in the presence of molybdenum, no borides are formed from
the reaction of boron and silicon [111].

The results indicate that only boron may form a separate phase with
molybdenum, which mainly depends on the applied processing condi-
tions for the production of MoSi,. As most of the molybdenum borides
have a significant high hardness, boron may increase MoSi, hardness
[112]. In the structure of MoSi,, Al can easily substitute B, although it
stabilizes the metastable MoSi, hexagonal phase [113]. As a result, a
single phase of MoSixAly or a two-phase system with both the hexago-
nal and tetragonal phase of MoSiXAly coexists, depending on the molar
ratios of the present elements.

However, the main effect of the presence of aluminum is on its oxi-
dation behavior. In fact, aluminum is preferentially oxidized and reduces
SiO,, according to reaction 3.4. This is due to lower AG of Al O, per
mole of oxygen than that of either Mo or Si [114]. As a result, pest oxi-
dation is limited and the AlO, scale is formed instead of the SiO, scale
[115], depending on the local Si, Al and, O activities.

4 Al (s) + 3 SiO, (s) — 2 AL,O, (s) + 3 Si(s) )

The oxidation of components in MoSi, and subsequent formation of
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ternary oxides lead to significant changes in molar volume and help to
fill and close cracks that are desired for the self-healing process. Prema-
ture oxidation also results in the accumulation of stress and subsequently
coating fracture, as mentioned in the theory section [116].

8. Application of self-healing composites in TBCs

The material chosen as a healing agent for an autonomous self-heal-
ing TBC must fulfill criteria as follows: (i) the healing material should
have a melting temperature higher than 1000 °C (maximum TBC op-
erating temperature), and its TEC should match the TBC materials, (ii)
it should be oxidized and transformed into a liquid to fill cracks and
provide direct contact with the surfaces of cracks, (iii) it should be able
to wet the crack faces and form a load-bearing material through a sol-
id-state chemical reaction between the TBC material and the liquid [79].

Nozahic et al. [64] embedded encapsulated MoSi, (B) particles in
the YSZ coating to prepare a self-healing TBC. The composite coating
deposition on a Ni-based superalloy was carried out using spark plasma
sintering (SPS). The coating process is shown in Fig. 3. According to
the results, no cracks resulting from thermally induced stresses appeared
in the SPS-sintered TBC. This is the result of the CTE difference of the
YSZ matrix and MoSi,-based particles.

Ouyang et al. [75] showed that the self-healing agent TiC in YSZ/
Al,O,/TiC composite coatings was able to release TiO, to heal the pores
and cracks in the coatings. Pre-oxidation treatment of the self-healing
coating based on TiC in the furnace at 600°C may form a self-healing
layer with low-porosity at the interface between TC and BC, and as a re-
sult, it could prevent the formation and growth of the detrimental oxide
materials. Hence, the oxidation resistance of the coating was improved
by the self-healing process. Nevertheless, according to the thermal cy-
cle test, a thick layer of the TiC-self-healing coating induced the stress
above the stress limit in ceramic coatings.

Ouyang et al. [117] used APS to fabricate self-healing TBCs based
on YSZ/SiC-self-healing (SAZ) structure. They demonstrated that the
self-healing occurred during SAZ coating after oxidation at the tempera-
ture of 720°C, which resulted in filling the remaining cracks/pores in the
SAZ coating. Moreover, due to the comprised oxidation resisting materi-
als, ALO, in the SAZ coating and its dense structure, the oxidation resis-
tance of TBCs was improved after coating with SAZ. Consequently, the
resistance against spallation in the YSZ/SAZ also increased, which was
verified using an ideal mode assessing the TBC stress intensity. They
also applied a cyclic high-temperature oxidation test on YSZ and YSZ/
SAZ coatings. The results showed that the spallation resistance was in-
creased in the YSZ/SAZ coatings by a thoughening effect occurred after
high-temperature oxidation.

Nguyen et al. [118] developed a self-healing material based on a
composite of Ni and Y, Ti,O,. In order to study the crack-healing behav-
ior, Vickers indenter was employed to intentinally generate the cracks

on the surface of the composite, followed by an annealing process in an
oxidizing atmosphere. They suggest that the depositing of NiO into the
cracks is the main crack-healing mechanism. In fact, the oxidation of
the Ni fillers led to the formation of NiO during annealing. According to
XRD and SEM results, the complete healing of the cracks was obtained
using 10 vol% Ni filler.

Kulczyk-Malecka et al. [119] established Yttria—partially stabilized
zirconia (YPSZ)/MoSi, composites to render self-healing ability and
enhance the thermal stability of the matrix. In this method, decomposi-
tion of MoSi, at the elevated temperatures results in the volumetrically
expanding product which heals the cracks. Furthermore, they focused
on the comparison between the conventional YPSZ and the composites
containing MoSi, particles in terms of the TEC and the fracture tough-
ness. It was found that the produced MoSi, composites have a similar
TEC and fracture toughness to the conventional YPSZ, indicating small
mismatch stresses induced by elevated temperature. The cracks intro-
duced by indentation have shown such a composite system is able to
independently perform the self-healing reaction.

Kurniadi et al. [120] encapsulate MoSi,B particles in YSZ coatings
using a novel approach for in situ shell formation. The healing particles
were alloyed with Al. The results showed that the addition of 12 wt% of
.»AL), and the for-
mation of exclusive alumina through selective oxidation of aluminum at

Al resulted in a homogeneous distribution of Mo(Si

1100°C. In comparison with pure Argon, oxidation in lower O, pressure
using CO/CO, led to a more exclusive alumina formation. But, compos-
ite oxidation in the CO/CO, exhibited the simultaneous formation of Al
oxide, Si oxide, and mixed alumina-silica. This shows that partial reduc-
tion of YSZ plays a role in particle oxidizing. However, the shell provid-
ed protection for particles was observed in microcapsule stability test in
laboratory air and at 1100°C for 100 h. The crack-gap filling experiment
demonstrated no significant difference in the healing behavior of in situ
encapsulated MoSi,B and pre-encapsulated when the composites were
exposed to the temperature of 1100 °C for 16 h.

Wang et al. [77] developed YSZ-La-Mo-Si coatings (YSZ-LMS)
using the plasma spraying method for protecting carbon/carbon (C/C)
composites. Raw materials for the production of the coating were YSZ,
MoSi,, and LaB,. The results showed that the YSZ-LMS coating pro-
tected the composites at 1500 °C for 50 h. A denser oxide glass layer of
Zr-Y-La-Si-O was formed due to the formation of La,O,, Y,SiO,, Zr-
SiO,, and SiO,, which leads to the solid phase volume expansion and a
decrease in the SiO, volatilization. As a result of the volume expansion
at high temperatures, compressive stress is generated within the coating
restraining the crack initiation and propagation, leading to the improve-
ment of the oxidation resistance of the coatings. The activation energy of
high-temperature oxidation for the coated C/C composites was obtained
to be 74.466 kJ mol ™ at 1300-1500 °C.

To prepare TBCs with the self-healing ability, Carnicer et al. [121]
used an aqueous suspension of ALO, and SiCY-TZP. To prevent the SiC
oxidation as a self-healing agent, suspension plasma spraying was uti-
lized for the deposition of the coating. The results demonstrated that the
SiC particles were oxidized during the PS process and the dispersion of
the unmelted particles was observed in a partially melted A1,O,/Y-TZP
matrix. This reveals the potential self-healing ability of the prepared
coating.

Using embedded MoSi,(B) healing particle oxidation, Derelioglu
et al. [79] developed a new method for the fabrication of self-healing
TBCs. The oxidative decomposition of the healing agents resulted in the
amorphous SiO, formation which flowed into created cracks and wetted
the crack faces. Thereafter, solid ZrSiO, was formed due to the reaction
between SiO, and ZrO, based TBC coating establishing a strong bond
between the matrix material and the healing agent causing a complete
filling of cracks. Even when cracks are not present in the coating, the
decomposition reaction can occur resulting from the oxygen transparen-
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cy of the ZrO,-based matrix. This led to premature decomposition and
undesirable pore filling of the coatings.

In general, the self-healing TBC samples made by SPS indicate an
enhanced resistance against thermal cycling in the air at the temperature
of 1100 °C. The results show that the borosilicate or silicate phase par-
tially fills some cracks and there is a zircon phase that connects both sur-
faces of the crack. The intended self-healing effect of partially yttria-sta-
bilized zirconia-based TBCs reinforced with MoSi (B)-based particles
was confirmed by the observations [64, 122, 123].

9. Conclusions and future insights

Thermal barrier coatings have been offered for several applications in
the industry to improve the efficiency of advanced gas-turbine engines.
SiC, MoSi,, TiC, etc. have been shown to act as a self-healing agent and
are able to heal the cracks/pores in the coatings. The good resistance of
self-healing TBC samples against thermal cycling at high temperatures
in the air indicates the feasibility and the good performance of these
coatings in-service conditions. It has been deduced that the borosilicate
or silicate phase partially fills some cracks and there is a zircon phase
that connects the surfaces of cracks. In the near future, hopefully, other
composite materials will be tested for self-healing applications in TBCs
and a further improvement in the physical and thermal properties of the
barrier coatings will be investigated.
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that in harsh environments, such as scawater and acidic areas, due to the
L. Introduction high amount of chloride and chemical attacks, corrosion of traditional

o ) . ) carbon steel reinforcement will be a serious issue if the concrete is re-
Since its emergence in 1850, concrete has fulfilled various needs in

construction technology. Concrete is extensively used in the construc-
tion of bridges, buildings, roads, dams, walls, etc. [1, 2]. It is known

inforced with such reinforcement [3, 4]. Therefore, using corrosion-re-
sistant materials, especially in coastal areas, such as FRP and PVC has
been recently proposed to be used together with concrete to address the
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Fig. 1. Stress-strain relationship in concrete confined with FRP.

corrosion problem of traditional steel reinforcement [5-7].

It has been reported that the lateral active or passive confinement by
a confining jacket can enhance the mechanical performance and dura-
bility of concrete structures [8, 9]. Different confining jackets in terms
of forms and material have been widely investigated to strengthen/reha-
bilitate new constructions or existing structures [10-12]. These include
steel spirals, steel stirrups, pre-stressing strands, hollow tubes/prisms,
pre/post-tensioned FRP shells, FRP tubes, FRP composite stirrups, FRP
rings, composite ropes, shape memory alloy wraps, and hybrid confining
jackets (passive and active) [13-16].

Polymer and polymer composites are gaining increasing attention
in various applications [9, 17-22]. This is due to the possibility to ben-
efit from the combination of properties related to contributing constit-
uents [23-28]. Due to high stiffness, full usage of materials and high
strength composite columns have been increasingly used recently [29-
31]. However, the durability of large sophisticated structures in special
environments such as acidic environments and seawater conditions have
attracted more attention. Numerous studies in the field of confined con-
crete columns using different materials showed that using composite
material confinement could enhance the ultimate strength by 3 times and
the ultimate strain by 15 times. Over the last decades, the replacement
of steel bars with FRP rods has been shown to yield better corrosion
resistance for structural concrete [5, 32-34].

There are many applications, in which FRP composites can be used in
construction and specifically in corrosive environments. Concrete-filled
FRP tubes can be used as drilling platforms, bridge, piers, etc. [35-37].
In this regard, many studies have focused on concrete-filled FRP tubes,
and mainly on their short-term mechanical properties [38-54].

As a result of stable service performance, low price, and high pro-
duction volume, PVC has also been used as concrete molds or pipes in
the construction industry [55-57]. PVC materials exhibit some advan-
tages such a low creep deformation, low diffusion for humidity, high
electrical insulation, large ultimate strain, excellent corrosion resistance
and durability, smooth surface, good mechanical stability, great consis-
tency with other materials such as water, acids, and concrete, and easy
machining, gluing, and cutting for fabrication versatility [58-60]. There-

Table 1.
Common characteristics of FRP materials
Fiber Laminate  Laminated Young’s  Strength to
Material strength density Strength modulus weight
(MPa) (g/ce) (MPa) (GPa) ratio
Epoxy - 1-1.15 12-40 3 28
CFRP 4127 1.9-2.1 1600 125-181 1013
BFRP 3792 2.6-2.8 1100 70-90 1000
GFRP 3450 2.4-2.5 1500 30-40 564
AFRP .5-
2757 1.44 1430 705 993
(Kevlar) 1124

fore, FRP-PVC composite members offer both corrosion resistance of
PVC and high strength capacity of FRP and they are promising materials
for the application in special environments [5, 61-63].

Due to the properties of FRP-PVC composites such as high dura-
bility and strength, they are expected to have a reinforcing effect on
concrete. Therefore, this paper aims to review the studies on FRP—PVC
composites as tubular columns and their potential application in con-

crete structures.

2. Mechanism of concrete confinement

The ultimate compressive strength of a concrete element is remark-
ably enhanced in the third direction when it is confined in two mutually
perpendicular directions. Generally, lateral confinement to concrete is
provided by passive confinement or active confinement, e.g. hydraulic
pressure. Passive confinement, such as steel stirrups, cause compressive
stresses in the element by the imposed elongation on steel stirrups gener-
ated by the expansion of concrete. Nevertheless, the element is provided
with constant confinement and thereby active confinement after yielding
of the steel stirrups. FRP has attracted attention in various structural ap-
plications due to its promising properties. Some characteristics of FRP
materials are listed in Table 1. For concrete confined with FRP, while
the concrete lateral expansion increases, the inward radial pressure is
enhanced because of the linear elastic behavior of FRP until failure.
Therefore, it is not valid to assume that the presence of a constant con-
fining pressure, and FRP jackets are considered as passive confinement
to columns [64].

Moreover, the outer FRP jackets in the form of additional closed
hoops effectively improve the shear strength of substandard columns.
This enhancement is the result of extra shear reinforcement provided in
the jackets. Considering the flexural performance, the concrete columns
confined with FRP are provided with the lateral expansion prevention
of the core concrete and the longitudinal reinforcement support when
axial compressive loading or both lateral and axial compressive loadings
are applied on the concrete columns. As a result, compression concrete
can bear higher strains before failure, as shown in Fig. 1. Additionally,
the concrete compression strength is enhanced by concrete confinement
resulting in the improvement of post-cracking behavior i.e. the enhance-
ment of the flexural strength. The application of the external FRP jacket
can also enhance the short lap-splice reinforcement behavior. This is
caused by the bond stress increase along the splice to delay the splitting
onset and alleviate the subsequent deterioration severity and improve
the lap-splice performance of defective columns [64]. Richart et al. [65]
suggested a simple equation for the determination of hydrostatic fluid
pressure-confined concrete (active confinement) as follows:
fc’c:ftlo*'kl-flu (D

where f.. denotes the confined concrete ultimate strength and feo
represents the compressive strength of unconfined concrete under fiu

(maximum lateral pressure).

3. Concrete-filled FRP tubes

Owing to excellent anti-corrosion behavior, high durability, as well
as high strength-to-weight ratio, FRP has been increasingly utilized in
the field of civil engineering [32, 67-72]. FRP-strengthened concrete
piles and columns are able to decrease the cost remarkably compared to
concrete piles and columns reinforced by steel, particularly in harsh ma-
rine environments [36, 73-76]. It has been reported that the USA spends
more than $1 billion every year for maintaining waterfront piling sys-
tems and about $2 billion for the replacement and repairing reinforced
concrete piers because of the corrosion of steel reinforcement. The re-
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placement of steel with FRP is regarded as a promising approach for
overcoming this problem [8, 77, 78].

FRP grids, FRP helixes, FRP stirrups, FRP rings, and FRP tubes are
different forms of FRP lateral confinement for strengthening the con-
crete columns. Additionally, it has been proven that the externally bond-
ed FRP systems can effectively strengthen the concrete girders or beams.
Furthermore, owing to the higher anticorrosion ability and durability of
FRP materials, confining with these materials is superior to steel materi-
als for piles in marine environments [79-82].

Concrete filled tubular (CFT) columns, especially the so-called
tubed concrete columns are mainly used in construction industries. In
these columns, steel bars act as longitudinal reinforcement for the core
concrete, and the tube is used for transverse reinforcement. There exists
a gap at the end of the tube column to suppress the axial stress transfer
into the tube. In typical CFT columns, the tubes are mainly utilized as
both longitudinal and transverse reinforcements to bear bending mo-
ment and axial forces. The “tubed column” concept was primarily pre-
sented by Tomii et al. [83, 84]. They showed the capabilities of steel tube
concrete columns by experiments. The definition concept of FRP-tubed
and steel-tubed columns concrete is the same. Similar to the results of
steel-tubed columns, the excellent properties of FRP-tubed columns
have been demonstrated in some studies [85, 86].

4. Mechanical properties of Concrete-filled FRP tubes
4.1. Compressive strength

Ozbakkaloglu et al. [87] studied the axial compressive property of 83
monotonically-loaded high-strength circular concrete-filled FRP tubes
(CFFTs) experimentally. The height-to-diameter ratio of the samples
was 2. The parameters affecting the compressive behavior of CFFTs in-
cluding manufacturing method, concrete strength, fiber type, and speci-
men size were also investigated. According to the results, the compres-
sive behavior of CFFTs was not noticeably affected by the specimen
size. The confinement strength ratio (f.. / f-) Was obtained in the range
of 1.01-2.44. In addition, the strength enhancement ratio (f, foo) de-
creased at a specific nominal confinement ratio (f;,, / 7o) OWing to an in-
crement in concrete compressive strength (f5,). Li et al. [88] reported the
ratio of the confined concrete strength to unconfined concrete strength (
fec/ fo) of sea sand and seawater concrete (SWSSC)-filled carbon/glass /
basalt-FRP (CFRP/GFRP/BFRP) tubes in the range of 2.08 to 6.86.

4.2. Ductility

Ozbakkaloglu et al. [87] found a correlation between the ultimate
axial strain (£¢y,) of CFFTs and the ultimate tensile strain (gru) of the
fibers. The strain enhancement ratio (&, /€.,) Was obtained in the range
of 1.34 to 15.31 depending on the manufacturing method, specimen size,
concrete strength, and fiber type. They explained that highly ductile be-
havior was obtained by sufficiently confined high-strength CFFTs. It
can be deduced that the level of confinement significantly influences
the behavior of the CFFTs, and after the initial peak of strengths, the
load-carrying capacity may not be preserved in lightly confined CFFTs.

4.3. Durability

The durability is defined as the ability to resist a specific loading or
environmental condition for a specific time under a suitable load and
environmental condition [89]. Li et al. [88] studied the durability of
SWSSC-filled GFRP/CFRP/BFRP tubes during six months by exposing
the specimens to artificial seawater containing 3.5% salt solution at the
temperature of 40 °C. Based on the results, the SWSSC compressive
strength showed no changes after exposure to seawater, however, in

BFRP and GFRP, an evident hoop strength degradation was exhibited.
Mechanical properties of SWSSC-filled FRP tubes, such as ultimate
axial strain and strength decreased as a result of environmental aging
and the hoop strength deterioration of FRP was considered as the major
mechanism. The ratio of fee/fe was obtained for exposed and unex-
posed samples and exposed-to-unexposed ratios of fec/f; ranged from
0.47 to 0.77.

5. Concrete-filled PVC tubes

The aims of using PVC tubes in concrete columns are the improve-
ment of the deformation capacity of concrete and accommodation of
the electrical wiring, wastewater, and rain. Kurt [90] experimentally and
theoretically studied commercial PVC tubes filled with a concrete core.
The results exhibited that the PVC tubes enhanced the concrete core
strength to approximately 3.2 times the pipe burst pressure. The encase-
ment holds the circular shape of the flexible tube and also supports most
of the external loads [8]. It can be mentioned that tube ring compression
stress should be below the yield strength. PVC inner-steel outer tubes
as well as double-skin tubes filled with concrete were analyzed under
axial load. As the results demonstrated, under moderate load conditions,
the PVC tube can be considered as a good alternative material for steel
one [91]. Xue et al. [92] investigated seismic performance as well as
the deformation capacity of PVC tube-filled high-strength concrete short
columns (PVC-RHC) under quasi-static loadings and test variables in-
cluding shear span ratio, axial compression ratio, and PVC tube diam-
eter. The ductility factor between 3.35 and 4.61 was obtained for PVC-
RHC columns, in comparison with 1.94 for RHC. With an increase in
the diameter/height ratio of PVC tube, ultimate capacity, and ductility
increase.

6. Mechanical properties of concrete-filled PVC tubes
6.1. Compressive strength

The concrete confinement with PVC tubes improves the damage
characteristics and the bearing capacity of the concrete core. According
to Xue et al. [92], the average of confinement strength ratios for con-
crete-filled PVC tubes with an h/D ratio of 2 was obtained in the range
of 1.0-3.04 [8, 93]. Different parameters contribute to the variation of the
two values such as testing conditions, concrete infill strength, PVC tube
geometry, and the size of specimens. Furthermore, the analyses showed
that at the D/t ratio in the range of 2035, optimum fc¢/ fuc values were
obtained.

6.2. Ductility

The PVC tube is described through a combination of two contradic-
tions; a ductile plastic or a type of rigid elastic material. Some studies
showed that the variation of the confined to the unconfined strain ra-
tio was between 1.415 and 5.54 for concrete-filled PVC tubes with the
h/D ratio of 2 (Table 2). In addition, the range of 2000-3945 kJ/m3 was
reported for the energy absorption capacity [94, 95]. Generally, PVC
tubular specimens with low wall thicknesses showed the improvement
of the deformation capacity and energy dissipating of concrete columns
and as the thickness of PVC tube increases, ductility improvement is
obtained [92, 94].

6.3. Durability
Commercially available thermoplastic pipes, like PVC pipes, have

shown the ability to enhance the durability of reinforced concrete (RC)
structures [90, 94, 96, 97]. No deterioration was observed in PVC pipes
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(a) FRP wrapped (b) Concrete filled PVC tube
(c) Concrete filled PVC-FRP tube

Fig. 2. Concrete pile confined with a) FRP wrap, b) PVC tube, and ¢) PVC-FRP
composite tube.

buried in the soil after 60 years and they showed extended life of 50
years [98]. The thermal conductivity of PVC is around 0.45~0.6% of
steel tubes providing a stable condition for core concrete curing, which
leads to high durability together with high performance [97]. A study by
Gupta et al. [99] indicated that there is no strength degradation ductility
for RC-filled PVC specimens exposed to harsh environments. Based on
the test results, no significant changes in the chemical composition and
microstructure of the PVC jackets were observed after 6 months for RC-
filled-PVC tubes immersed in saturated seawater. The improvement of
PVC durability provides a system with potential applications for many
different structures that are exposed to saline and marine environmental
conditions.

A study on natural aging and accelerated aging of PVC by Jakubo-
wicz et al. [100] revealed no evident changes in elongation at fracture
and mechanical properties of PVC material after eight weeks of aging in
the air at 80°C. Due to the PVC great anti-corrosion behavior, FRP jack-
ets can compensate the relatively poor confining effect of PVC tubes and
provide significant durability and mechanical strength for the confined
concrete-filled PVC tubes.

7. FRP-PVC confinement

There are many research works on applying plastic pipes such as
PVC to overcome the relative low ultimate strain and ductility of FPR
[102]. It is a widely used polymer in various products including medical
devices, pipes, flooring, and profiles for windows and doors. As a result
of excellent physical, mechanical, and chemical properties, PVC is con-
sidered a “natural” fire-resistant material [103]. A hybrid column system
for new constructions is proposed by Toutanji et al. [104], in which PVC
tubes are filled with concrete and the external confinement is provided
by continuous impregnated FRP hoops that may have various spacing.
It has been proposed that FRP-PVC tubes are effective confinements for
improving both failure strains and the strength of concrete. Fakharifar et
al. [8] studied the mechanical behavior of concrete confined with PVC,
FRP, and FRP-PVC. The FRP-PVC confined concrete indicated higher
ultimate strain and strength compared to the FRP and PVC ones [77].

Table 2.
Confinement ratio (f_/f ) and ductility of concrete-filled PVC tubes

cc’ ue

Ref. (:lfr[;) f /g, € /€. t (mm)
Kurt [90] 2 1.718 - 6.4
Wang and Yang [94] 2 1.011-2.345  1.415-5.540  3.7-8.5
Saadoon [101] 2 1.118-1.688  1.686-2.473  3.2-5.3
Fakharifar and Chen [8] 1.8 0.966-1.050  1.81-4.07 7.1
Oyawa et al. [93] 2 1.180-3.040 - 2.5-3.0

PVC tube PVC tube

Concrete Concrete

PVC tube
Concrete FRP helical

FRP tube FRP strip wrapping

Strip spacing
f—l

Hoop spacing

Fig. 3. Schematic of the placement of FRP-PVC tube

The FRP-PVC-confined concrete system is shown in Fig. 2 and different
FRP-PVC-confined concrete systems are shown in Fig. 3.

8. Mechanical properties of concrete-filled FRP-PVC
tubes

8.1. Compressive strength

There are numerous studies conducted regarding the compressive
properties of FRP-PVC tubular columns. Several parameters, including
the concrete characteristics and FRP-PVC properties, were investigated
[8, 56, 58-62, 104-114]. In a study by Toutanji and Saafi [96], it was
reported that the strength of PVC-FRP confined concrete (with h/D of
3) was high. The FRP-PVC tubes provided lateral confinement and cre-
ated triaxial stress in the concrete, which constrained concrete during
dilation and consequently, enhanced its capacity of load bearing. The
compressive strength enhancement ratio ((f.y — fe0)/feo) Was reported
to range from 0 to 1.9 depending on the fiber type and hoop spacing. In
a study by Mammen and Antony [109], concrete-filled PVC tubes (h/
D=2.1) with various thicknesses were wrapped with GFRP and CFRP.
They confined concrete with two different patterns of circular and heli-
cal wrapping with two different hoop spacing in a way to decrease the
amount of required FRP. Higher-strength was achieved for carbon fiber
circular wrapping and larger PVC thickness (ultimate strength of 33.5
MPa).

Fakharifar et al. [115] provided confinement using a PVC tube (with
h/D of 2) and FRP wrappings or FRP containing a layer of foam to re-
duce impact energy resulting from the potential rupture of FRP and frac-
ture of PVC. The results showed that the contribution of the PVC tube
to the axial strength of concrete was insignificant, however, the strength
of the columns enhanced more significantly when FRP wraps in which
fibers oriented in hoop direction were used. The strength enhancement
ratios (fg,/fco) Were obtained between 1.08 and 2.29 for the samples.

The improvement of the ductility as well as the strength of FRP-
PVC tube-confined recycled aggregate concrete was studied by Gao et
al. [58]. As the results demonstrated, the compressive strength enhance-
ment of the samples confined with the FRP-PVC hybrid system ranged
from 4.5% to 39.6%. Moreover, a thicker FRP tube or strip led to a
higher improvement in deformation and strength.

8.2. Ductility

Toutanji and Saafi [96] also reported the ductility enhancement of
PVC-FRP confined concrete. The ductility increase (€., — €c0)/Eco)
for the samples with different fiber types and hoop spacing was between
0-9. In the research by Fakharifar et al. [115], it was stated that the addi-
tion of FRP wraps with hoop-directed fibers around PVC tubes increased
the ductility of the columns significantly. The strain enhancement ratios
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Table 3.
Confinement ratio (f /f ) and ductility of concrete-filled FRP-PVC tubes
Ref. h/D (mm) f /£, LWL
Fakharifar [8] 2 1.08-2.29  2.14-12.21
Gao [58] 2 0.2-1.13 3.95-14.2
Toutanji [111] 3 1.31-2.81 1.55-9

(ecu/€co) of the specimens were obtained from 2.14 to 12.21. After the
rupture of the FRP wraps, the interior PVC tube fractured immediately
leading to an instant drop in load-carrying capacity. The authors pro-
posed that by placing a layer of foam between the FRP wraps and PVC
tube as an energy absorber, this brittle failure mode could be avoided.
The use of this layer causes a gradual reduction of the strength in steps.
Therefore, the foam layer proved to have a significant effect on the re-
duction of brittleness providing a relatively ductile response upon the
rupture of FRP.

Yu et al. [116] reported that by an increase in the ratio of shear span
or axial compression, elastic-plastic displacement angles and the dis-
placement ductility coefficient of RC columns confined with CFRP-
PVC under low cyclic loading were reduced gradually. Furthermore,
the angles of elastic-plastic displacement together with the displacement
ductility coefficient of the samples were gradually enhanced by the de-
crease in the hoop spacing of FRP strips. Fang et al. [107] conducted an
experimental investigation on the concrete stub columns confined with
CFRP-PVC under the axial compression condition. They investigated
the influence of CFRP strip spacing on the mechanical properties of the
confined stub columns. The obtained values of €., /€., were reported
to be between 6.3 and 9.1, indicating the provision of significant con-
finement on core concrete by the CFRP-PVC tubes. Apparently, by an
increase in the spacing of CFRP strips, this ratio is gradually reduced.
The mechanical properties of concrete-filled FRP-PVC tubes are sum-
marized in Table 3.

8.3. Durability

Despite the outstanding characteristics of FRP/PVC composites,
their durability under harsh environmental conditions is still a serious
concern [117]. There are numerous studies available on the short-term
and long-term durability of different FRP/PVC composites as the main
element and reinforcing members under various environmental condi-
tions [95, 118-122]. In this regard, previous studies conducted on the
durability of the mechanical properties of FRP composites under alka-
line environment (i.e. when using FRP/PVC with concrete), have shown
that such condition is detrimental to some types of FRP/PVC composites
[119]. Therefore, the durability of composite-reinforced concrete struc-
tures in harsh environmental conditions (e.g. alkaline, acidic, and marine
environments as well as elevated temperatures) has always been a major
concern [33, 96, 118, 123-128]. The U.S. allocates more than $1 billion
annually for repairing and replacing waterfront piling systems [8].

Toutanji and Saafi [96] fabricated composite columns composed of a
hybrid FRP-PVC tube with a concrete core and studied the performance
of these concrete columns in various environmental conditions includ-
ing ambient temperature, wet and dry, as well as freezing and thawing
conditions. According to the durability results, confining concrete with
CFRP-PVC composite resulted in good performance under the severe
exposures, however, a decrease in both ductility and strength was ob-
served in the AFRP-PVC (aramid FRP) and concrete filled-GFRP-PVC
samples. Upon 400 freezing/thawing cycles, AFRP-PVC specimens
exhibited around 10% strength reduction while 10% reduction was ob-
served for the AFRP-PVC specimens.

In another study by Toutanji et al. [129], the durability performance
of concrete filled-FRP-PVC under freezing/thawing and wet/dry con-

ditions was studied. According to the results, there was an insignificant
influence on ductility as well as the strength of all samples. No reduction
of strength was observed after wet/dry cycles (200 and 400 cycles) in
PVC-CFRP confined concrete. However, due to the reduction of axial
strain after 400 wet/dry cycles, the ductility of the samples decreased.
GFRP-PVC and AFRP-PVC confined concrete underwent the reduction
of axial strain and the strength only after wet/dry cycles of 400. Addi-
tionally, a noticeable decrement in the axial strain of the AFRP-PVC
and GFRP-PVC confined samples occurred after 400 cycles of freezing/
thawing. Generally, the CFRP-PVC concrete specimens showed lower
strain reduction compared to other samples.

9. Conclusions and future insights

In recent decades, researchers have focused on using new materi-
als to confine concrete members laterally for construction applications.
The improvement of the existing knowledge along with the exploration
of other beneficial and inexpensive alternatives to confining concrete
members will provide a viable solution for sustainable construction.
This article deals with an overview of the application of FRP-PVC tubu-
lar columns strengthening method for concrete structure reinforcement.
According to previous investigations, concrete columns confined with
FRP-PVC render excellent ductility, high bearing capacity, timesaving
convenient construction, and outstanding applicability in normal con-
ditions together with aggressive environments, good durability charac-
teristics, as well as being lightweight. This system is suitable for harsh
environments and offshore marine structures due to the corrosion resis-
tance of PVC. However, further laboratory studies, field investigations,
as well as detailed information from experimental and analytical investi-
gations are needed to develop proper design guidelines. By applying the
established measures, introducing practical composite-based systems in
civil construction works will be facilitated.
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