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Development and characterisation of 
solvent-borne thermally cured cross-

linked TiO2 reinforced Polyceramic 
coatings for long service-life on industrial 

metal substrates 
O. Tan, O. Çimen, P. Yolcu, B. Çiçek

Polyceramic coatings exhibit the properties of both polymer and ceramic coatings together, such as flexibility and pen-
cil hardness. These coatings are intended to reduce the loss of capital, labour, and energy to achieve industry-required 
performance under different operating conditions, with long corrosion resistant service life. In this study, two-compo-
nent polyceramic coatings with a TiO2 reinforced formula were produced and applied to two different metal surfaces, 
Sandblasted Aluminium 1050 plate and SAE 304 Stainless Steel sheet, in order to examine the mechanical, physical and 
chemical properties of the coatings. In addition, the polyceramic coatings were able to form a film on polypropylene 
plate and SA-66 Glass plate under curing conditions adjusted according to the substrate material, due to their very low 
surface energy. Resin-compatible solvents, TiO2 filler, carbon black pigment, resins and a crosslinker added according 
to the NCO/OH ratio were used in the production of the coatings.  Experiments for coating metal substrates were 
carried out at curing temperatures between 120 and 180 °C, and at curing times between 60 and 120 minutes. In this 
study, coating formulations were investigated by SEM, EDS, FTIR, and TGA analysis. The coatings showed  8H pencil 
hardness, 5B level high adhesion to the metal surfaces, high flexibility with 180° mandrel bending, hydrophobicity, and 
high corrosion resistance in a salt fog test carried out with 5% salt solution at 35 °C in for 700 hours, according to ASTM 
D3363, ASTM D3359, ASTM D522 and ASTM B117 standards.

KEYWORDS: POLYCERAMIC COATINGS, HIGH CORROSION RESISTANCE, TWO-COMPONENT 
COATINGS, HIGH ABRASION RESISTANCE, METAL.

INTRODUCTION
Ceramic coatings are extensively studied and used for 
applications in materials science and related fields, due 
to a variety of advantageous properties such as high har-
dness values, ranging from 6H to 9H [1-3], as well as high 
temperature resistance [4], modulus of elasticity, thermal 
shock resistance [5] and abundance in nature [6]. Notwi-
thstanding, ceramic coatings have limited use due to their 
high brittleness and inadequate predictability of material 
failure. [7]. On the other hand, polymeric coatings are wi-
dely used for industrial applications requiring high ductili-
ty, elasticity, and high corrosion resistance [8]. However, 
the utilization of polymer coatings is limited by their poor 
thermal behaviour [9,10], poor scratch resistance [11] and 
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susceptibility to chemical attacks such as by denatured 
alcohol, lacquer thinner, mineral spirits, and methyl ethyl 
ketone (CH3CCH2CH3) [12].
Polyceramic coatings, a solvent-containing precursor flu-
id layer, are a type of physical coating formed on various 
surface types such as metals, polymers and glasses. These 
can be applied by spraying, brushing or wiping, followed 
by thermal curing conditions appropriate to the remaining 
components of the precursor liquid after evaporation of the 
solvents [13]. Polyceramic coatings are  hybrid systems; 
the organic components allow tailoring of hydrophobicity, 
flexibility, functional compatibility and toughness, where-
as the inorganic components improve scratch resistance, 
density, abrasion resistance, high-temperature resistance, 
durability, and adhesion ability to the metal surface due 
to the formation of strong covalent Metal–O–Metal bonds 
[14-16]. Thus, polyceramic coatings have numerous ad-
vantages over either polymeric or ceramic coatings based 
on their properties and  preparation process. The high 
temperature and abrasion resistance properties of polyce-
ramic coatings are provided by the SiO2 ceramic structure 
which forms the backbone of the polyceramic resin. Phy-
sical and chemical properties such as high flexibility and 
corrosion resistance are provided by the polymer chain 
structure. In addition, functional properties such as hy-
drophobicity, oleophobicity, and easy cleanability can be 
provided by modification of the reactive ends connected 
to the backbone of the polymer chain [17]. In addition to 
all these features, two-component polyceramic coatings 
have a blocked-isocyanate cross-linker as a second com-
ponent, with cross-linked structures providing better me-
chanical properties than linear polymers. Blocked-isocy-
nate was added according to the NCO/OH ratio in order to 
ensure crosslinking with the acrylic resin and polyceramic 
resin [18]. The NCO in the blocked-isocyanate is released 
at the curing temperature (120-180 °C) and reacts with the 

hydroxyl-terminated component of the system to form a 
rigid, cross-linked polymer structure [19-21]. The polyce-
ramic coating mechanism is based on the difference in 
surface tension between the coating and the substrate due 
to the decrease in surface energy provided by the presen-
ce of the reactive groups, SiO2 polyceramic backbone and 
TiO2 addition [22-25]. The surface energies of the substra-
tes to which the coatings were applied in the experiments 
are shown in Table 1 [25-27]. In addition to the surface ten-
sion difference, another mechanism to ensure adhesion 
to the metal surfaces is based on covalent bonding of the 
silicon in the polyceramic resin with hydroxyl groups on 
the metal substrates, as illustrated schematically in Figure 
1 [27-30], and acrylic resin in the coating formulation with 
the hydroxyl group in the metal substrates, as described in 
the literature [31,32]. This study aims to develop an overar-
ching framework to increase corrosion resistance and pro-
vide long service-life for industrial metal surfaces prone to 
degradation due to high temperatures, harsh chemicals, 
humid environments and UV rays [33,34]. With this aim in 
mind, in this paper we present new solutions to provide 
longevity to metal parts under different climatic conditions 
thanks to the wide working temperature and chemical re-
sistance range of these coatings. Furthermore, polycera-
mic coatings can be applied to  parts with complex sha-
pes by spraying, and avoid incompatibility arising from the 
usage of metals working together with separate coatings. 
All of these advantages make this technology particularly 
valuable in various sectors such as defense, automotive, 
sports equipment, and accessories such as eyeglasses and 
watches. This study will present the evaluation of the me-
chanical, physical and chemical properties of two-compo-
nent solvent-borne polyceramic coatings with a range of 
formulations on metal surfaces according to analysis and 
tests.

Tab.1 - Surface energies of the substrates.

Substrates Surface Energy (mJ.m−2)

Aluminium 800-950 
Stainless Steel 650-1200

Polypropylene 20-40

Glass 250-500
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Fig.1 - Covalent bonding with metal surface and the ceramic backbone of the polyceramic resin [26-29].

Fig.2 - Simplified scheme of blocking/de-blocking of NCO group. B-H=blocking.

MATERIALS and METHODS
The polyceramic resin is the main raw material of the coa-
ting formulation, and gives the functional properties such 
as hydrophobicity, ease of cleaning and oleophobicity to 
the coating thanks to its ceramic backbone (SiO2) and cros-
slinkable polymer tips. While the ceramic in the backbo-
ne provides resistance to high temperatures and abrasion, 
the presence of reactive tips connected to the backbone 
allows the functional properties of the coating to be mo-
dified. An Acrylic resin is a thermoplastic or thermosetting 
plastic material based on acrylic acid, methacrylic acid or 
other related compounds, which is also used to obtain 
crosslinked polymers by treatment with polyisocyanates 
[18,35,36]. Furthermore, one of the main reasons for use 
the acrylic resin in the formulation is that it increases the 
slipperiness of the surface, similar to the effect of silico-
ne additives, which increases the scratch resistance [23]. 
The solvents were selected from the benzene, ester or 
ketone groups. Esters are organic compounds wherein 
the hydrogen atom of a hydroxyl group is replaced by an 
organic group [37]. Benzene, a member of the class of or-
ganic compounds called arene or aromatic hydrocarbons, 

has the molecular formula C6H6 [38]. Ketones are organic 
compounds which having a carbonyl functional group, i.e. 
a carbon-oxygen bond. Their chemical structure is RC (= 
O) R '. The carbon atom of this group has two remaining 
bonds, indicated by R and R ', that can be occupied by alkyl 
or aryl substituents without hydrogen substituents. These 
organic compounds do not have reactive groups direct-
ly linked to the carbon atom in the carbonyl group, such 
as -OH and -Cl [39]. Carbon Black powder of particle size 
25 ± 2 nm (Anhui Herrman Impex CO., LTD) is a pigment 
that gives the black colour to the coating, and has a high 
surface area / volume ratio [40]. TiO2 powder with 0.42 µm 
median particle size (DuPont de Nemours, Inc.) was used 
to protect the coating against ultraviolet rays, provide re-
sistance climatic conditions and heat and give durability to 
the coating [41]. Isocyanate is a functional group with the 
formula R−N=C=O. It is used as a cross-linker based on the 
percentage of OH in the acrylic resin and polyceramic resin 
(NCO/OH ratio) [18,36]. In this study, four different kinds 
of blocked-isocyanates [19][15] were used, as can be seen 
from Fig. 2, where the process of blocking/de-blocking of 
NCO group is presented schematically [20].

The preparation of the two-component solvent-borne 
polyceramic coating was as follows: Firstly, a pigment pa-
ste that includes carbon black pigment was prepared to 
use in the coating formulation. In order to obtain a homo-
geneous coating, firstly the carbon black pigment must 

be milled properly. The percentages of the raw materials 
used in the paste formulation were as follows: carbon black 
pigment (20-35%), acrylic resin (20-30%), solvents contai-
ning benzene, ester or ketone groups (30-50%), dispersion 
agent (1-2%). The pigment paste formulation was stirred at 
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Fig.3 - Preparation scheme for Polyceramic coating.

500 rpm for 3 hours with the help of a 0.5 mm diameter zir-
con ball and a mixing blade with an inclined blade. In order 
to include the white colour in the coating, the TiO2-con-
taining paste was prepared as follows: TiO2 pigment (20-
35%), acrylic resin (20-30%), solvents containing benzene, 
ester or ketone groups (30-50%), dispersion agent (1-2%) 
by mixing with a 0.5 mm diameter zircon ball at 500 rpm 
with the help of an inclined blade mixing blade for 1 hour. 
After milling, the main coating formulation was prepared. 
The main formulation was as follows: Polyceramic resin (8 
- 60%), Acrylic resin (1 - 14%), Black Paste (1 - 8%), Whi-
te Paste (0.5 - 2%), solvents containing benzene, ester or 
ketone groups (% 30-70), Dispersing agent (0.2-1.2%). 
The main formulation was stirred in a zircon ball mixer at 
500 rpm for 20 minutes with the help of an inclined blade 
mixing blade. After mixing, the crosslinker was added to 
the first component with a ratio determined according to 
the OH content in the polyceramic resin and acrylic resin 
(NCO/OH ratio). 1.K / 2.K, which is the ratio of compo-
nent 1 containing polyceramic resin to component 2 (the 
cross-linker ratio) was determined, and the crosslinker was 

added followed by stirring for 2 minutes. Surface prepara-
tion of substrates was performed because ensuring proper 
surface cleaning is important for physical coatings to allow 
the coating to adhere to the surface. For the metal surfaces, 
the surface treatment was carried out in the form of san-
dblasting for Aluminium 1050 plate and degreasing for both 
SAE 304 stainless steel sheet and Aluminium 1050 plate. 
Degreasing was carried out with 100% pure Acetone (Pra-
sol Chemicals Limited). After surface preparation, filtration 
was performed at 120 Mesh to obtain a homogeneous co-
ating mixture [42]. Then the two-component mixture was 
applied to the surface with a spray gun with a nozzle diame-
ter of 1 mm at a pressure of 4 bar.
Following the spray application, curing processes were car-
ried out as shown in Table 2. While this work only studied 
the properties of polyceramic coatings on metal surfaces, 
additionally outside the scope of this study, film formation 
was obtained on plastic and glass surfaces according to the 
curing conditions given in Table 2.
The samples, which were analysed and tested after the cu-
ring process, are given in Table 3.
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EXPERIMENTAL
The contact angle between the coating and the metal sub-
strate was measured by a goniometer (Terralab Laboratu-
var Malzemeleri San. ve Tic. A.Ş, Attention Theta), which 
automatically analyses the time-dependent drop shape 
by recording drop images. A particular solid, liquid and 
vapor system at a given temperature and pressure has a 
unique equilibrium contact angle, and the wettability of a 
solid surface is given by the Young equation. The equili-
brium contact angle indicates the relative strength of the 
interaction between liquid, solid and vapor molecules 
[43]. A comparison of contact angle results for different 
formulations is given in Figure 3.1.  FTIR analysis was per-

formed with a Perkin Elmer Spectrum Two FT-IR Spectro-
meter and was used to determine the chemical bonds in 
the coatings before the single-component trials and after 
crosslinking in the 2-component trials. Fourier transform 
infrared spectroscopy (FTIR) is a technique used to obtain 
the infrared absorption spectrum of a solid, liquid or gas, 
as well as collecting high spectral resolution data over a 
wide spectral range. This provides a significant advanta-
ge over a dispersive spectrometer, which measures the 
density in a narrow wavelength range at a given time [44]. 
The results of the analysis are given in Figure 3.2. and Fi-
gure 3.3. Thermogravimetric analysis (Perkin Elmer, TGA 
4000) of single- and two-component coating samples was 

Tab.2 - Curing processes on different substrates.

Tab.3 - Sample contents according to component 1 and component 2.

Substrates Time (min.) Temperature (°C )

Sandblasted Aluminium 1050 Plate 
SAE 304 Sheet Stainless Steel 60-120 120-180

Polypropylene Sheet 120-150 50-80

SA-66 Glass Plate 60-120 450-650

Samples Component 1 Component 2

PLC-13

Polyceramic resin (8 - 54%)
Acrylic resin (1 - 14%)
Black Paste (1 - 8%)
White Paste (0.5 - 2%)
Solvents containing benzene, ester or 
ketone groups (% 30-50)
Dispersing agent (0.2-1.2%)
Fluorine solvent (%15-42)

Isocyanate 3

PLC-19

PLC-19.1

PLC-19.2

PLC-19.3

Polyceramic resin (8 - 60%)
Acrylic resin (1 - 14%)

Black Paste (1 - 8%)
White Paste (0.5 - 2%)

Solvents containing benzene, ester or 
ketone groups (% 30-70)

Dispersing agent (0.2-1.2%)

Isocyanate 1

Isocyanate 2

Isocyanate 3

Isocyanate 4

PLC-21

Polyceramic resin (15 - 65%)
Acrylic resin (2 - 14%)
Black Paste (1 - 8%)
White Paste (0.5 - 2%)
Solvents containing benzene, ester or 
ketone groups (% 30-60)
Dispersing agent (0.2-1.2%)

Isocyanate 3
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carried out according to the TS ISO EN 11358-1 standard. 
Thermogravimetric analysis or thermal gravimetric analysis 
(TGA) is a method of thermal analysis in which the mass of 
a sample placed in the instrument is measured over time as 
a function of temperature. This measurement provides in-
formation about physical events such as phase transitions, 
absorption, adsorption and desorption; as well as chemical 
events involving chemical reactions, thermal decomposi-
tion, and solid-gas reactions (e.g., oxidation or reduction) 
[45]. In addition to the decomposition temperatures of our 
samples determined by TGA analysis, temperature-related 
mass losses are given in Figure 3.4. Scanning Electron Mi-
croscopy / Energy Dispersive Spectrometer (SEM / EDS) 
Analysis was performed for the final product PLC-21. In 
scanning electron microscopy (SEM), a highly energetic 
and focused electron beam scans the sample and provides 
information on the chemical composition of the sample 
using an energy-dispersing spectrometer (EDS) detector, 
as well as a high-magnification view of the sample's mor-
phology [46]. SEM-EDS is mainly used in the characteriza-
tion of inorganic materials, but recently its application has 
been expanded to examine organic-based samples such as 
polymers. The SEM / EDS analysis given in Image 3.1 and 
Fig. 3.5., gives us information about the microstructure 
and chemical content of the final product PLC-21. Tests 
conducted according to the ASTM Standards were as fol-
lows: the Mandrel Bend Test (ASTM D522) was carried out 
to evaluate the ability of the coating to withstand cracking 
when elongated. With this test it is possible to measure the 
flexibility of a coating on flexible substrates [47]. The Me-
asuring Adhesion by Tape (ASTM D3359) test was carried 
out to assess the adhesion level of the coatings applied 
to metal surfaces [48]. The Film Hardness by Pencil Test 
(ASTM D3363) was performed to measure the hardness of 
the organic coating film and to compare it with polymeric 
and ceramic coatings according to their hardness values 
varying from H to 9H, according to ASTM [49]. In addition, 
the corrosion test determines the corrosion resistance of 
materials under certain environmental conditions inclu-
ding temperature, humidity and salinity [50]. Therefore, the 
corrosion test on the coatings was carried out at via the salt 
fog test at 35 ° C with 5% saline solution under laboratory 
conditions according to ASTM B117 [51].

RESULTS AND DISCUSSION
The wettability of organic surfaces is determined by the na-
ture and packing of atoms or groups of atoms on the surfa-
ce of a solid and is otherwise independent of the nature and 
arrangements of the underlying atoms or molecules [52]. 
Surfaces are classified as hydrophobic if there is a non-po-
lar interaction with water, or hydrophilic if there is a po-
lar interaction with water [53]. Polarity plays an important 
role in wettability, because the interfacial tension is largely 
determined by the polarity and can affect the adhesion of 
the coating [54]. In order to study the wettability and hy-
drophilic/hydrophobic behaviour of the obtained coatings, 
contact angle tests were carried out on coated metal sub-
strates. The contact angle analysis showed that the wetting 
angles of PLC-21 were about 90 °; another striking result is 
that PLC-13 had a contact angle of up to  115 ° (Figure 2.3.1). 
A coating is defined as hydrophobic when 0 > 90, and a co-
ating with a larger contact angle usually features stronger 
hydrophobicity [55]. This is because the high contact an-
gle is caused by a high fluorine content in the formulation, 
which has a surface tension reducing effect in PLC-13 [56]. 
Although we achieved a high contact angle in PLC-13, it did 
not meet expectations in terms of mechanical properties. 
In addition, this analysis found evidence for the effects of 
different types of isocyanate on coatings constituted with 
same first component. It is notable that among the samples 
with the same first component, with ~100° contact angle 
value, isocyanate-2 made the highest contribution to the 
hydrophobicity of the coating, and with ~75° contact angle 
value, isocyanate-4 made the lowest contribution to the 
hydrophobicity of the coating. Our results demonstrated 
that the contact angle of ~90° shown by PLC-21 was provi-
ded by addition of TiO2 to the polyceramic resin containing 
a SiO2 backbone [24]. This physical property of PLC-21 en-
sures water retention and easy cleaning on metal surfaces 
where the coating is used [57]. Due to the accumulation 
of dust, dirt or air pollution from day-to-day use, surfaces 
become unable to maintain their original performance, and 
the renewal of the surfaces causes loss of money, labour 
and energy [58]. Thanks to their easy-to-clean feature, 
Polyceramic coatings can stand out in applications such as 
the body, motor or exhaust pipes of motorcycles or cars or 
even metal eyeglass frames.
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In this study, FT-IR analysis of the cross-linked states of 
PLC-19.2 and PLC-21 samples were performed as seen in 
Figure 3.2. These analyses provided information on chemi-
cal bonds in the final products resulting from crosslinking. 
In the FTIR spectra of the polyceramic coatings, the bands 
at ~ 3385 cm-1 correspond to the N–H stretching mode [59]. 
Anhydrous ammonia is a solvent which shows evidence of 
extensive hydrogen bonding. Despite its water-like beha-
viour, it has less hydrogen bonding, which is responsi-
ble for the  low freezing and boiling points of anhydrous 
ammonia compared to water or alcohols. While water 
molecules exhibit hydrogen bonding in two directions, 
ammonia is thought to form linear species with only one 
hydrogen atom per molecule taking part in a hydrogen 
bond. The FTIR spectrum of liquid ammonia exhibits a 
complex envelope between 3100 and 3500 cm-1 composed 
primarily of N-H stretching bands. Furthermore, according 
to the literature [59,60], it was found that ClO4- ion brea-
ks the hydrogen bonds in the solvent, and as a result the 
stretching mode frequency is increased in the presence 
of ClO4-. Cl- ions, which were found to be present in the 
coating by EDS analysis as seen in Figure 3.6., may have 
had an effect on this stretching mode. The 3385 cm-1 band 
is assigned to the antisymmetric stretching mode of N-H 

bonds [59,60]. Another observed peak in the infrared Fou-
rier transform spectrum analysis at ~ 2950 cm-1 is assigned 
to the C–H symmetric stretching mode [61-64]. Another 
bond seen by the analysis is the bond of silicon, which is 
found in the polyceramic resin, with hydrogen. The Si-H 
stretching band, which generally occurs in the range of 
2000 to 2100 cm-1, was observed around 2125 cm-1 [65]. 
This small shift may be due to the proximity fluoride, with 
a high electronegative value, to Si-H bonds [65-67]. The 
peak located at around 1250 cm-1 can be correlated with 
the Si–CH3 symmetric bending mode. The Si—CH3 group 
can easily identified as a strong, sharp band at about 1260 
cm-1 in conjunction with one or more strong bands in the 
865-750 cm-1 range. In this case, while methyl groups bon-
ded to silicon atoms undergo the same C-H stretching and 
bending vibrations as a CH3 bonded to a carbon atom, the 
Si-CH3 group shows different band positions from C-CH3 
due to electronic effects. The absorption attributed to the 
symmetric bend vibration of the Si–CH3 group produces a 
very intense band at 1260 ± 5 cm-1. The chemical bonds ob-
served in the two-component samples enabled us to de-
termine the relationships between the materials used in the 
formulation of the polyceramic coatings [68-70].

Fig.3/1 - Contact angle analysis results ; [1]: PLC-13, [2]: PLC-19.1 , [3]: PLC-19 , [4]: PLC-19.2 , [5]: PLC-21 , [6]: PLC-19.3



La Metallurgia Italiana - June 2020  pagina 13

Scientific papers - Heat treatments and coatings

Thermogravimetric analysis was used to examine the ther-
mal behaviour of the polyceramic coatings. Fig. 3.4 shows 
the mass loss occurring in the coating as  a function of 
temperature. In the first thermal event in the TGA curves 
for the Polyceramic coatings, there is a significant weight 
drop of ~30%  between about 100 and 200 °C, due to the 
loss of organic solvents [71,72]. The second thermal event 
is the mass loss between 200 and 400 °C. This mass loss is 
associated with the decomposition of the acrylic resin and 

the reactive tips of the polyceramic resin in the formulation 
[73]. A third thermal event is mass loss of the formulations 
of between 65 and 80% at temperatures up to 850 °C. Con-
sequently, PLC-19.2 and PLC-21 have non-degraded solid 
percent between 20 and 25 at 850 °C. Thus, these samples 
could resist temperatures up to 850 °C without complete 
degradation due to the TiO2 additive and the SiO2 backbone 
found in the polyceramic resin.

Fig.3/2 - FTIR Analysis; [1]: PLC- 21 , [2]: PLC-  19.2

Fig.3/4 - One TGA analysis comparisons. [1]: PLC- 13, [2]: PLC- 19.1, [3]: PLC- 21, [4]: PLC- 19.2
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In order to determine the distribution of the constituent 
elements, chemical microanalysis and crystal structures 
on the surface of the final polyceramic coating sample, 
PLC- 21, SEM-EDS analysis was conducted. The crystal 
structures of particles are shown in Figure 3.5. The resul-
ts of the surface chemical characterisation of each of the 
particles are given in Figure 3.6. All particles contain Si, O, 
Cl and Na, which are mostly provided from the Polycera-
mic resin and acrylic resin. Most particles also contain de-
tectable levels of K and Ca. Occasional instances of F and C 
were also identified. When the SEM images are examined, 
the first thing that draws attention is the formation of hybrid 
particles derived from different nucleation mechanisms. 
As can be seen in Figure 3.5a, dendritic crystals formed in 
the coating. The average diameter of these dendritic cry-
stallites was 6.35 µm and Cl, Si, Na, K, O were detected in 
the specified region according to EDS analysis as seen in 
Fig. 3.5a. When the 2nd selected region shown in Figure 
3.5b was examined, a polygonal crystal with an average 
diameter of 5.71 µm was observed. However, according 

to EDS analysis, Cl, Si, Na, O, and K were detected in the 
structure and it was noted that the structure contained the-
se elements in the same concentrations as in the dendritic 
crystals, as seen in Figure 3.6a and Figure 3.6b. According 
to EDS analysis, chloride (Cl-) and SiO2 is expected in these 
two types of crystals. Cl and Si in the crystals indicate the 
presence of the Silicon backbone and the reactive Cl ends 
in the polyceramic resin. When the SEM image of the third 
indicated area is examined, a polygon crystal can be seen 
with average diameter of 15 µm. According to the results of 
EDS analysis, unlike the other two regions, the presence of 
Calcium (Ca) and Titanium (Ti) is remarkable in this region. 
Another remarkable finding according to the EDS result is 
the dominance of Silicon (Si) concentration in this region. 
When the fourth identified particle was examined, it was 
found to be a polygonal crystal with a diameter of 19.2 µm 
(see Figure 3.5d). As shown in Figure 3.6d, Carbon (C) from 
the use of Carbon black and Fluorine (F) from the polycera-
mic resin reactive ends were detected in this particle.

Fig.3/5 - SEM images of the PLC- 21 sample with different regions (a ,b, c and d) of the sample surface.
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Atomic Number Element Symbol Element Name Confidence Concentration Error

17 Cl Chlorine 100.0 35.9 0.4

14 Si Silicon 100.0 18.4 0.5

11 Na Sodium 100.0 33.7 0.6

19 K Potassium 100.0 5.6 1.4

8 O Oxygen 100.0 6.4 3.9

Atomic Number Element Symbol Element Name Confidence Concentration Error

17 Cl Chlorine 100.0 37.7 0.4

14 Si Silicon 100.0 18.5 0.5

11 Na Sodium 100.0 36.9 0.5

19 K Potassium 100.0 1.3 4.2

8 O Oxygen 100.0 5.7 4.3

a)

b)



La Metallurgia Italiana - giugno 2020 pagina 16

Memorie scientifiche - Trattamenti termici e rivestimenti

Atomic Number Element Symbol Element Name Confidence Concentration Error

14 Si Silicon 100.0 36.9 0.7

20 Ca Calcium 100.0 28.1 1.1

22 Ti Titanium 50.0 6.7 3.6

17 Cl Chlorine 100.0 3.2 4.6

8 O Oxygen 100.0 22.7 3.9

11 Na Sodium Manual 2.5 9.3

Atomic Number Element Symbol Element Name Confidence Concentration Error

14 Si Silicon 100.0 23.7 0.8

17 Cl Chlorine 100.0 17.8 1.3

6 C Carbon 100.0 10.6 1.9

11 Na Sodium 100.0 11.0 2.8

8 O Oxygen 100.0 27.5 2.8

20 Ca Calcium 100.0 3.6 4.6

19 K Potassium 100.0 3.2 4.9

9 F Fluorine 100.0 2.6 20.7

c)

d)

Fig.3/6 -  a, b, c and d show the graphical representation and concentration values of the elements according to the EDS 
results for different regions of the PLC-21 surface, respectively.
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Fig.4 - Illustration of adhesion test result.

The Mandrel Bend Test (ASTM D522) was performed on 
the coated SAE 304 stainless steel sheet as it can only be 
applied to flexible substrates. The coated sample was held 
in between the mandrel and drawbar.  The lever was then 
moved to 180° at a constant velocity, held for one second, 
and the coated samples were visually examined for cracks 
along the bent surface. As a result of 180° degree bending, 
only PLC-21 was able to withstand 180° bending without 
cracking. Accordingly, we can infer that the increased pro-
portion of polyceramic resin adds more flexibility to the 
coating.  

The Measuring Adhesion by Tape (ASTM D3359) test was 
carried out [74] to evaluate the coating adhesion to a metal 
substrate. PLC-21 was applied to steel sheet and a crossha-
tch cut was made, with 6 cuts 2 mm apart. Pressure-sensi-
tive tape was applied over the crosshatch cut and then the 
tape was smoothed into place over the area of the incisions. 
The tape was then removed by pulling it off rapidly back 
over itself as close to an angle of 180° as possible, and the 
adhesion of the coating to the steel was assessed on a 0B 
to 5B scale as shown in Figure 4 [48]. According to the test 
result, a 5B adhesion rating was obtained for the coating.

The Film Hardness by Pencil Test (ASTM D3363) was per-
formed on the SAE 304 stainless steel sheet with an Elco-
meter 501 Pencil Hardness Tester to determine the hard-
ness of the coating materials. In order to carry out this test, 
graphite pencils of different hardness were moved in a cer-
tain direction. Scratches of at least 6.5 mm were made going 
from the hardest to lowest pencil grade. The pencil tip was 
polished before each test in order to provide a smooth chi-
p-free surface [75]. Coating hardness relative to the graphite 
pencils is determined by the softest pencil that will leave a 
scratch on the surface of the coating [49]. According to the 
test, an 8H pencil hardness value was obtained for the coa-
ting.
The main function of corrosion-resistant coatings is to cre-
ate a barrier between the surface metal and a corrosive en-

vironment. A corrosion-resistance test is used to measure 
the ability of a protective coating to act as a barrier between 
the metal substrate and the environment. The damaged co-
atings are evaluated by physical appearance (surface mor-
phology, pitting and chemical deposited products, and pits) 
[76]. In this study, the salt fog test (ASTM B117) was carried 
out for PLC-21 using  5% saline solution at 35 ° C in a drying 
oven. The test showed that there was no blister formation 
or flaking of the coating on the PLC-21 surface, even for 
time periods longer than 700 h. This result was an indication 
of the interaction between hydroxyl groups on the metal 
surface and the polyceramic coating, which increases the 
adhesion of the coating with the metal surface and prevents 
the diffusion of Cl- ions into the coating to increase the io-
nic resistance.
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CONCLUSIONS
Collectively, our results demonstrate that it is possible to 
increase the service life of metal surfaces by developing a 
coating that can show the superior properties of polymer 
and ceramic coatings together. In this study, the polyce-
ramic coating, which was characterised by TGA, FTIR, and 
SEM / EDS analysis, was applied to two metal substrates, 
sandblasted plate Al1050 and SAE 304 stainless steel sheet, 
by spraying at a pressure of 5 bar with a 1 mm nozzle dia-
meter spray gun. After curing at temperatures ranging from 
120 and 180 ° C for times ranging from 60 to 120 minutes, 
coatings that are extremely hard (8H), perfectly adhered to 
the metal substrate (level 5B), hydrophilic (~ 90 °contact an-
gle), and highly flexible (180° mandrel bending) were achie-

ved, which showed high corrosion resistance in a salt fog 
test conducted at 35 °C with 5% salt solution for 700 hours. 
Furthermore, besides metal surfaces, film formation was 
achieved on polymer and glass surfaces under suitable cu-
ring conditions due to its low surface energy. In line with 
this result, it is believed that the physical, chemical and me-
chanical properties of polyceramic coatings on different 
substrates can be improved in future studies. The main con-
clusion that can be drawn is that the aforementioned pro-
perties allow the polyceramic coatings to be used in high 
temperature applications that are not suitable for polymeric 
coatings, at temperatures up to 650 ° C on metal surfaces 
with complex geometries, and provide a long service life 
due to their corrosion resistance.
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