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INTRODUCTION

The production of barrier coatings that mod-
ify the characteristics of the surface layer is an 
issue that is still being addressed and developed 
by the scientific community [1–3]. In addition, it 
has a wide range of practical applications in all 
industries, including aerospace, automotive, elec-
trical and energy, as well as in the food, medi-
cal, chemical and wider manufacturing indus-
tries [4–10]. Barrier coatings can be made from 
a variety of materials, depending on their purpose 
and the specific function they are intended to per-
form. Examples of barrier coating materials are: 

metals, polymers, ceramics, block copolymers, 
nanomaterials or resins [11–13]. Polymeric coat-
ings in particular deserve recognition because 
they are considered versatile and can be individu-
ally adapted to meet the requirements placed on 
them. According to coating manufacturers and 
many authors, polymeric coatings can be applied 
to various substrates, i.e. stainless steel, low-alloy 
steel, aluminium alloys, brass, glass, ceramics and 
some types of rubber and plastics [5, 6, 14–17]. 

Polymer coatings, are also known as anti-ad-
hesive, release or demoulding coatings. Despite 
the well-known chemical composition of poly-
mer coatings, there are still some challenges in 
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this aspect. According to Paz-Gómez et al. [1] it 
is important to investigate aspects such as the du-
rability of coatings and optimal deformation. As 
outlined in their publication by Schellenberger 
et al. [18] anti-adhesive coatings allow easy re-
moval of liquids from their surface and can be 
described as superhydrophobic when its wetting 
angle is greater than 150°. According to Liu, 
Fürstner and co-authors [19, 20] low-adhesion 
surfaces also exhibit various properties, such as 
self-cleaning. 

The production of anti-adhesive coatings is 
the process of manufacturing special coatings 
using a number of different polymeric materials. 
The materials most commonly used in the pro-
duction of release coatings and also of greatest 
importance are:
 • PTFE coatings (polytetrafluoroethylene) have 

excellent non-stick properties, a high working 
temperature of up to 260 °C, an extremely low 
coefficient of friction and good abrasion resis-
tance [21–23].

 • PFA coatings(perfluoroalkoxy polymer) are 
characterised by very good non-stick properties, 
a high operating temperature of up to 260 °C,  
high coating thicknesses of up to 300 µm and 
excellent chemical resistance [24, 25].

 • FEP coatings (tetrafluoroethylene/fluoropro-
pylene copolymer) its features include excel-
lent non-stick properties, a low coefficient of 
friction and an operating temperature of up to 
205 °C [25–27].

 • ETFE coatings (copolymer of ethylene and tet-
rafluorethylene) with excellent chemical resis-
tance, an operating temperature of up to 150 °C,  
the highest strength of all fluoropolymers and 
the possibility to apply highly resistant coat-
ings with a coating thickness of up to 500 µm 
[28, 29].

 • PEEK coatings (polyetheretherketone poly-
mer) has exceptional mechanical properties, 
high chemical resistance, an operating temper-
ature of up to 260 °C and exceptional radiation 
resistance [30–32].

 • PPS coatings (polyphenylenesulfide polymer) 
can operate at temperatures of up to 250 °C, 
with high chemical resistance and good me-
chanical properties [33, 34].

A particular contribution to the development 
of release coatings are those based on fluoropol-
ymers [35–37]. Fluoropolymers have been pro-
duced for a long time and are of great industrial 

importance. They are characterised by high ther-
mal and chemical resistance, an extremely low 
coefficient of friction and very favourable dielec-
tric properties [24, 38]. From the moment the first 
fluoropolymers were obtained in DuPont’s labs 
(in April 1938), their rapid expansion into almost 
all industries began. The reason for this was the 
remarkable properties [17, 24, 38–44]: 
 • Non-stickiness to other materials. The surface 

energy of fluoropolymers has the lowest value 
among all known solids. This characteristic 
determines many polymer properties such as 
wettability, adhesion and coefficient of fric-
tion. It is ideal for use as release coatings.

 • Minimum friction coefficient. A coefficient of 
friction within the range µ = 0.05–0.2 practi-
cally eliminates the phenomenon of “frictional 
oscillations”, the so-called stick-slip effect. 
Static and kinetic friction coefficients are al-
most equal. The coefficient of friction is only 
slightly affected by temperature increases up 
to a value of 327 °C.

 • Thermal resistance. Fluoropolymer coatings 
are very good thermal insulators, with a high 
temperature resistance of up to 315 °C. In the 
temperature range of -200 °C ÷ +260 °C, the 
coatings can be operated continuously without 
losing their properties.

 • Chemical resistance. Fluoropolymer coatings 
are inert to the vast majority of chemicals, i.e.: 
acids, alkalis and organic solvents. Their re-
sistance can be compared to that of precious 
metals. Fluoropolymers are resistant only to 
dissolved or molten lithium, gaseous fluorine 
and chlorotrifluorine.

 • Dielectric properties. Fluoropolymer coat-
ings have excellent insulating properties.  
Of all solid insulating materials, fluoropoly-
mers have the lowest relative electrical perme-
ability and dielectric loss factor.

 • Physiological indifference. Many years of ex-
perience in the use of anti-adhesion coatings 
and toxicological studies have confirmed the 
complete safety of their use. Therefore, fluo-
ropolymers are successfully used in the phar-
maceutical industry and medicine.

 • Anti-corrosion properties. Due to their physi-
cal and chemical properties, these coatings 
provide excellent protection against corrosion, 
even in aggressive environments.

 • Non-wettability. Due to their low surface en-
ergy, the coatings exhibit low sorption and a 
high anti-adhesion coefficient.
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The aim of this study was to evaluate the tech-
nology of surface preparation of steel samples in 
terms of anti-adhesive and mechanical properties 
through the use of polymer coatings. Such coat-
ings are used in many industries, e.g. during the 
manufacture and operation of metal moulds [4, 
5, 45–48] used, for example, in the production of 
resinous components. Then they facilitate the re-
moval of components cast in, for example, epoxy 
or polymer resins from the moulds used to pro-
duce them. Considering the qualities of the avail-
able coatings and the economic aspect, PFA-type 
coatings were used in the study. Six variants of the 
technology for obtaining coatings with reduced 
release effects were used. Tests were then carried 
out to assess the energy status of the produced 
coatings by evaluating their wettability and deter-
mining the surface free energy. The next stage fo-
cused on evaluating the performance of the devel-
oped coatings. This research was divided into two 
stages. In the first, the mechanical properties of 
coatings applied to the surfaces of steel specimens 
subjected to three-point bending were assessed. 
The aim of this study was to assess the behaviour 
of the coating under the influence of deformations 
that may occur during the use of steel moulds and 
which may have a direct impact on the durabili-
ty of the coating produced. For this purpose, the 

quality of the produced coating was analysed af-
ter a three-point bending test, where the coating 
was subjected to deformations caused by com-
pressive and tensile stresses. In the next step, the 
performance of the analysed coatings was evalu-
ated in terms of durability and adhesion through a 
test performed in accordance with ASTM D3359 
standard called the notch grid, a method of adhe-
sion evaluation using the tape test or scratch test. 
In addition to the general purpose of assessing ad-
hesion, this test gives information on the coating’s 
resistance to scratches that may occur unintention-
ally during production processes.

RESEARCH METHODOLOGY

Material used in the study

The material used in the study was a DC01 
sheet metal [49]. The samples to be tested were 
cut from sheet metal using LANTEK software ac-
cording to the panel dimensions shown in Figures 
1 and 2. The samples were cut using an Eckert 
model Combo portal hydro-abrasive cutting ma-
chine (Eckert AS Ltd, Legnica, Poland).

Garnet 80 mesh (Jet system, Elbląg, Poland) 
was used as an abrasive for cutting the sheets with 
the following technological parameters:

Fig. 1. Sample geometry for testing wetting angle and scratch test

Fig. 2. Geometry of the samples to the three-point bend test
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 • water jet working pressure – 3500 · 105 Pa;
 • abrasive flow – 0.45 kg/min;
 • distance of nozzle from the cutting material – 

3 mm;
 • cutting speed – 200 mm/min. 

After cutting, the metal samples were cleaned 
in a water stream washing away any abrasive resi-
due and chips and then cleaned in a compressed 
air stream. The cut-out samples were subjected to 
a release coating process. The technological pro-
cess for the application of anti-adhesive coatings 
used in the study consisted of several operations:
1. Operation of steel surface preparation by pos-

sible machining and application of primer. 
2. Coating application operation.
3. Coating drying operation.
4. Coating curing operation.
5. Coating extended curing operation.

Six variants of PFA-type release coating tech-
nology were used in the study, differing in the 
number of operations and the parameters used. 
In each variant, the first operation was the same. 
First, each sample, over its entire surface, was ma-
chined with an abrasive tool of P180 gradation, so 
that a surface roughness denoted by the Ra param-
eter of Ra = 3 - 4 µm was obtained, as required by 

the PFA coating manufacturer. The surface qual-
ity of the machined samples was tested for surface 
roughness using a HOMMEL TESTER T1000 
contact profilometer (HOMMEL-ETAMIC, 
Poznań, Poland). The surfaces of the samples were 
then degreased to remove physical and chemical 
contamination. Acetone was used for this purpose. 
The samples were degreased three times, with two 
wipes with a soft cloth, then sprayed thoroughly 
with a thin layer of acetone and allowed to evapo-
rate. Table 1 shows the specification of the differ-
ent coating technology variants used in the study. 

The coating materials used in the tests were the 
basecoat with manufacturer’s designation 459G-
643 PRIMER BLACK and the PFA coating materi-
al with designation 858G-110TOPCOAT CLEAR 
(Tetrachim, Noisiel, France). The base and coating 
layers were applied using an HVLP gun operating 
at an atomising air pressure of 0.2–0.3 MPa. The 
thickness of the PFA coatings was controlled us-
ing a Testan DT-25 FN (Testan, Gdańsk, Poland) 
thickness gauge to maintain dimensions within the 
recommended thickness ranges. The recommend-
ed DFT of the primer layer (final dry film thick-
ness) should be 15-20 µm, while the recommended 
DFT of the PFA coating should be 35-75 µm. Five 
samples were prepared for each test using each of 
the surface preparation variants.

Table 1. Specification of individual coating technology variants

Operation
Coating process technology variant

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6

Operation 
1

Degreasing the 
surface of the 
sample sheet 
with acetone

Degreasing the 
surface of the 
sample sheet 
with acetone

Degreasing the 
surface of the 
sample sheet 
with acetone

Degreasing the 
surface of the 
sample sheet 
with acetone

Degreasing the 
surface of the 
sample sheet 
with acetone

Degreasing the 
surface of the 
sample sheet 
with acetone

Operation 
2

Applying the 
primer and drying 
it for 15 minutes 
at a sample 
temperature of 
250 °C

Applying the 
primer and drying 
it for 15 minutes 
at a sample 
temperature of 
250 °C

Applying the 
primer and drying 
it for 15 minutes 
at a sample 
temperature of 
250 °C

Applying the 
primer and drying 
it for 15 minutes 
at a sample 
temperature of 
250 °C

Applying the 
primer and drying 
it for 15 minutes 
at a sample 
temperature of 
250 °C

Applying the 
primer and drying 
it for 15 minutes 
at a sample 
temperature
of 250 °C

Operation 
3

PFA layer 
application, 
followed by 
drying for 15 
minutes at 200 °C 
and curing for 20 
minutes at 380 °C

PFA layer 
application, 
followed by 
drying for 15 
minutes at 200 °C 
and curing for 20 
minutes at 380 °C

PFA layer applied 
to the sample at 
50 °C, then dried 
for 15 minutes at 
200 °C and cured 
for 20 minutes at 
380 °C

PFA layer applied 
to the sample at 
150 °C, then dried 
for 15 minutes at 
200 °C and cured 
for 20 minutes at 
380 °C

PFA layer applied 
to the sample at 
150 °C, then dried 
for 15 minutes at 
200 °C and cured 
for 20 minutes at 
380 °C

PFA layer applied 
to the sample at 
150 °C, then dried 
for 15 minutes at 
200 °C and cured 
for 20 minutes at 
380 °C

Operation 
4

Applying an 
additional layer of 
PFA, then drying it 
for 15 minutes at 
200 °C and curing 
it for 20 minutes at 
340 °C

Additional long 
heating for 3 
hours at 340°C

Applying an 
additional layer of 
PFA, then drying it 
for 15 minutes at 
200 °C and curing 
it for 20 minutes at 
340 °C

Operation 
5

Additional long 
heating for 3 
hours at 340 °C
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Test stand and tools

The coated samples were subjected to sur-
face free energy (SFE) tests by measuring surface 
wetting angle, three-point bending and coatings 
adhesion.

The surface free energy was determined using 
the Owens-Wendt method, which is based on direct 
measurement of the wetting angle . Distilled water 
and diiodomethane CH2I2 were used as measure-
ment fluids, with known values for the polar and 
dispersive components of the surface free energy, 
as shown in Table 2. The size of the droplet used 
was 4 μl. Fifteen replicate measurements were 
carried out on each sample. The results obtained 
and calculated are presented in the Table 3. These 
tests were carried out using a DSA30 goniometer 
(KRÜSS, Hamburg, Germany).

SFE calculations were made on the basis of 
the following formulae (1) [50, 53]:
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where: γds - dispersive part of the surface free 
energy of tested materials;    
γp

s - polar part of the surface free energy 
of the tested materials;     
γd - surface free energy of diiodomethane; 
γd

d - dispersive part of the diiodomethane 
surface free energy;     
γp

d - polar part of the diiodomethane sur-
face free energy;     
γw - surface free energy of water;   
γd

w - dispersive part of the water surface 
free energy;      
γp

w - polar part of the water surface free 
energy.

Three-point bending tests were carried out on 
a Zwick/Roell Z2.5 testing machine, in accord-
ance with PN-EN ISO 7438:2021-04 standard 
[54]. The crosshead speed during the test was 20 
mm/min, while the initial test force was 5N and 
the distance between supports was 60 mm. Figure 
3 shows how the test specimens were fixed in the 
testing machine. Both the tensile and compres-
sion sides of the specimen were assessed.

Table 2. Values of the polar and dispersive components of the SFE of water and diiodomethane [50–52]

Measuring 
liquids

Surface free energy of the 
measuring liquid

γs

Dispersive component of the surface 
free energy of the measuring liquid

γd

Polar component of the surface free 
energy of the measuring liquid

γp

Distilled water 72.8 mJ/m2 21.8 mJ/m2 51.0 mJ/m2

Diiodomethane 53.2 mJ/m2 50.8 mJ/m2 2.4 mJ/m2

Fig. 3. Method of sample positioning during testing
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Coating adhesion tests were carried out us-
ing the notch grid method. The tests were carried 
out in accordance with ASTM D3359-B standard 
[55] using a circular knife fitted with a 6x1 mm 
blade Elcometer 107 F10713348-6 (Elcometer, 
Manchester, United Kingdom). The tooling used 
is shown in Figure 4. 

The incisions were made in the centre of 
the sample. The resulting images of the incision 
grid were evaluated organoleptically, but to in-
crease the accuracy of the evaluation, surface 
images were taken using a DiGi Microscope 
Viting UM06 microscope (Vitiny, Kaohsiung, 
Taiwan). 

RESULTS AND DISCUSSION

Surface free energy test by determining 
the wetting angle of a surface

Test results of the wetting angle measurement 
along with the calculated surface free energy are 
included in Table 3.

Table 4 shows examples of droplet photo-
graphs taken when wetting angle measurements 
were carried out.

The calculated surface free energy values allow 
the adhesion capacity of the surfaces under consid-
eration to be determined. Figure 5 summarises the 
averaged calculated SEP values for each coating 
preparation variant of the analysed samples.

Analysing the obtained results of the surface 
free energy test, it can be observed that the low-
est value of the surface free energy was obtained 
for series 6, while the highest value was obtained 
for series 1 and 3. This shows, therefore, that the 
characteristics of the surface coatings obtained 
for variant 6 are characterised to the highest de-
gree by hydrophobic features, which may ensure 
their effective performance during application on 
the surfaces of steel moulds.

Three-point bending strength tests

A three-point bend test was carried out 
to determine the deformability of the coated 

Fig. 4. Toolkit for grid adhesion testing

Table 3. Wetting angle averages and results of calculated SFE

Variant Sample

Measuring liquid

SFE
[mJ/m2] Variant Sample

Measuring liquid

SFE
[mJ/m2]

Diiodomethane Water Diiodomethane Water

Wetting  
angle θd [°]

Wetting 
angle θw [°]

Wetting  
angle θd [°]

Wetting 
angle θw[°]

Variant 
1

1 87.3 94.3 17.33

Variant 
2

1 87.7 108.2 14.50

2 89.9 99.1 15.33 2 87.7 115.2 14.52

3 89.9 89.6 19.18 3 89.7 111.6 13.45

4 84.5 99.8 16.95 4 87.5 118.8 14.99

5 86.9 92.3 18.51 5 86.6 116.8 15.26

Variant 
3

1 91.6 90.2 18.61

Variant 
4

1 89.6 99.4 15.33

2 90.9 96.8 15.83 2 89.9 91.0 18.47

3 92.0 94.8 16.38 3 90.1 110.1 13.34

4 92.3 91.1 18.03 4 88.6 102.1 14.98

5 93.3 94.5 16.28 5 90.3 95.1 16.68

Variant 
5

1 96.9 107.2 11.34

Variant 
6

1 98.1 107.7 10.92

2 88.4 110.1 14.09 2 98.5 108.7 11.39

3 96.1 110.3 11.06 3 97.8 107.2 11.10

4 93.9 108.7 12.01 4 96.9 108.8 11.02

5 94.5 105.9 12.29 5 97.4 109.9 10.72
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Fig. 5. Averaged surface free energy results for the applied anti-adhesive coating variants

Table 4. Photographs of a droplet of a wetting angle measurement of a surface with applied coatings according to 
the described variants

Variant Droplet of wetting angle measurement with diiodomethane Droplet measurement of wetting angle with water

Variant 
1

Variant 
2

Variant 
3

Variant 
4

Variant 
5

Variant 
6
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materials tested during forming and operation of 
the moulds. The results of the bending strength 
and photographs showing the appearance of the 
samples and their surfaces after the test are shown 
below.

The results of the recorded force and strain 
values for the different variants are included in 
Table 5. Figure 6 shows a sample of the curves 
obtained during the test (for variant 1).

The visible unevenness is due to the friction 
of the sample surface against the supports of the 
testing machine, on which they were positioned.

Statistical analysis was carried out to compare 
and establish differences between the results ob-
tained. The assumption of normality of distribu-
tion and equality of variance was complied with, 
so parametric tests were used in the further stage 
of statistical analysis. The Tukey HSD test was 
used at an assumed significance level of α = 0.05. 
A significance level of 0.05 is taken as the limit 
of acceptable error. The Tukey HSD test is a post-
hoc (or multiple comparisons) test and can be 
used to determine the significance of differences 
between group averages in an analysis of variance 

Table 5. Three-point bending test results

Variant Sample Maximum force  
FM [N]

Deformation  
εM [mm] Variant Sample Maximum force  

FM [N]
Deformation  

εM [mm]

Variant 1

1 995 10.3

Variant 2

1 916 11.7

2 916 11.0 2 914 11.8

3 902 10.9 3 960 13.7

4 939 14.9 4 967 15.1

5 998 15.2 5 939 13.1 

Average 950.0 12.5 Average 939.2 13.1

Standard deviation 44.5 2.38 Standard deviation 24.4 1.4

Variant 3

1 917 11.8

Variant 4

1 920 11.7

2 920 11.2 2 906 11.2

3 957 13.1 3 958 12.2

4 965 13.7 4 952 13.6

5 939 12.5 5 934 12.2 

Average 939.6 12.5 Average 934.0 12.2

Standard deviation 21.5 1.0 Standard deviation 21.7 0.9

Variant 5

1 907 12.0

Variant 6

1 914 11.2

2 903 11.1 2 911 11.2

3 939 13.3 3 936 15.6

4 949 15.7 4 940 13.6

5 925 13.0 5 925 12.9 

Average 924.6 13.0 Average 925.2 12.9

Standard deviation 19.9 1.73 Standard deviation 12.9 1.8

Fig. 6. Diagram of variant 1 coatings - standard force - deformation characteristics
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system. The results obtained from the Tukey HSD 
test are summarised in Tables 6 and 7.

The test results showed no significant differ-
ences in performance between the different coat-
ing variants analysed.

For completeness, Table 8 summarises the 
visual appearance of the surfaces of the samples 
after the bending test, from both the tension and 
compression sides. The resulting surfaces were 
subjected to organoleptic inspection. 

On the tensile surface of the samples with 
the coating applied according to the parameters 
of variant 1, a slight detachment of the coating 
can be observed at the edge zones of the sample. 
There is saddle-shaped deformation – lifting of 
the outer edges. It can be concluded that this is the 
result of a complex stress state at the edges of the 
samples. In addition, microcracks can be seen at 
the bend of the specimen. On the side where the 
surface of the specimen was compressed, peel-
ing of the coating is visible. The coating surface 
is visibly separated from the native material, but 
there is no coating damage on the surface.

On the tensile surface of the samples with the 
coating applied according to the parameters of 
variant 2, it is possible to observe, as in the case 
of the samples of series 1, a slight saddle-shaped 
deformation – lifting of the outer edges, but no 

damage to the coating layer, apart from small 
microcracks indicating more the phenomenon of 
creep of the coating layer. 

On the samples with the coating applied ac-
cording to the parameters of variant 3, there were 
numerous coating surface defects. On samples 
where the coating surface was in tension, the coat-
ing surface deteriorated, cracking along the entire 
length of the protrusion created by bending the 
sample. Where the coating surface was in com-
pression, numerous wrinkles and corrugations of 
the coating layer were observed. The samples in 
this series showed the least resistance of the coat-
ing to deformation during the forming-bending 
process of the modified surfaces.

On the tensile surface of the samples with the 
coating applied in accordance with the parame-
ters of variant 4, a slight saddle-shaped deforma-
tion – lifting of the outer edges – can be observed 
and, as in the case of variant 2 samples, slight mi-
crocracking of the coating can be observed and, 
as in variant 1 samples, peeling of the material at 
the edges of the sample can be observed. Where 
the surface has been compressed, wrinkling of the 
coating can be seen, but this is relatively minor 
compared to, for example, the variant 3 samples. 

On the tensile surface of the samples with the 
coating applied according to the parameters of 

Table 6. Tukey’s HSD test results for maximum force
Tukey’s HSD test for FM maximum force.
Approximate probability for post hoc tests. 
Error: intergroup MS = 855.43, df = 19.000.

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6

Variant 1 0.99 0.99 0.96 0.78 0.80

Variant 2 0.99 1.00 1.00 0.98 0.98

Variant 3 0.99 1.00 1.00 0.97 0.98

Variant 4 0.96 1.00 1.00 1.00 1.00

Variant 5 0.78 0.98 0.97 1.00 1.00

Variant 6 0.80 0.98 0.98 1.00 1.00

Table 7. Tukey’s HSD test results for deformation
Tukey’s HSD test for εM deformation.
Approximate probability for post hoc tests. 
Error: MS between groups = 3.3381, df = 19.000.

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6

Variant 1 1.00 1.00 1.00 1.00 1.00

Variant 2 1.00 1.00 0.98 1.00 1.00

Variant 3 1.00 1.00 1.00 1.00 1.00

Variant 4 1.00 0.98 1.00 0.98 0.99

Variant 5 1.00 1.00 1.00 0.98 1.00

Variant 6 1.00 1.00 1.00 0.99 1.00
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variant 5, a slight deflection of the material at the 
edges of the sample can be observed, as in previ-
ous cases, but no surface defects were observed. 
Very slight wrinkling of the coating is visible on 
the compressed surface. One sample showed a 
single bubble not exceeding 2 mm in length. 

For the samples with the coating applied 
according to the parameters of variant 6, no 

coating surface defects were observed. On the 
samples where the surface was in tension, only 
a slight saddle-shaped deformation – lifting 
of the outer edges – can be observed, as in the 
case of samples of all series, but no damage to 
the coating layer occurred. In the case of the 
compressed surface, no damage to the coating 
was observed. 

Table 8. Surface appearance of coated samples after three-point bending test
Coating 

preparation 
variant

Appearance of the tensile surface Appearance of the compression surface

Variant 1

Variant 2

Variant 3

Variant 4

Variant 5

Variant 6
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Tests for measuring coating adhesion 
using the notch grid method

According to the above-mentioned standard, 
the following interpretation of the notched line 
results is possible [55]:
 • 5B – The edges of the notches are smooth, no 

square of the coating from the notch grid has 
been torn off.

 • 4B – Only small flakes of the shell on the edg-
es of the incision grid detached. No square of 
the rectangular notch grid has been torn off. 
The total area of the damaged coating is no 
more than 5%.

 • 3B – Coating falls off in small flakes along 
grid lines and visible cracks and detachment 
of small pieces of coating between grid lines. 
Total area of damage greater than 5% but not 
exceeding 15%.

 • 2B – The coating falls off in flakes along the 
notches partly or entirely in the form of long 
ribbons and/or breaks off in flakes partly or 
entirely from the squares of the notch grid. 
Area of damage greater than 15% and less 
than 35%.

 • 1B – The coating falls off in flakes along the 
notches in the form of long ribbons and/or 
flakes off in part or whole from the squares of 
the notch grid. Area of damage greater than 
35% and less than 65%.

 • 0B – Each degree of coating detachment that 
cannot be classified as 1B.

On this basis, it can be assumed that the best 
properties in terms of adhesion of the coating to 
the substrate are those whose results can be cat-
egorised as group 5B. The results of the coating 
adhesion test are presented in Table 9.

If there was any doubt about the evalua-
tion of the results obtained and their classifica-
tion into a specific result group, the photographs 
taken were analysed in more detail using ImageJ, 
an image processing and analysis programme. 
An example of the programme window with the 
analysis performed is shown in Figure 7. 

On the basis of the scratch test results ob-
tained, it can be clearly stated that the best prop-
erties in terms of adhesion and scratch resistance 
were demonstrated by the samples made accord-
ing to the technology applied in variant 6.

Table 10 presents the cumulative results of 
the individual tests to which the coatings were 
subjected and ranks the results obtained in such 
a way that they represent the results from the best 
(green) through standard (blue) to the worst solu-
tion (red), with the number 1 indicating the best 
solution and 6 the worst solution. The smallest 
total score indicates the best option.

On the basis of the variants of coating prepara-
tion technology used, it can be seen that, as a result of 
the verification of their properties, the best character-
istics were variant 6, which consisted in the modi-
fication of the standard procedure in the application 
in the application of the coating by applying an ad-
ditional layer of PFA and its prolonged heating.

Fig. 7. ImageJ interface window with example image analysis
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Table 9. Results of the test for adhesion of coatings using the notch grid method

Variant Example photo of a surface Sample No. Adhesion assessment according to  
ASTM D3359-B standard

Variant 1

1 2B

2 4B

3 4B

4 4B

5 3B

Variant 2

1 4B

2 4B

3 5B

4 4B

5 4B

Variant 3

1 0B

2 0B

3 0B

4 0B

5 0B

Variant 4

1 4B

2 4B

3 4B

4 4B

5 3B

Variant 5

1 4B

2 4B

3 4B

4 4B

5 3B

Variant 6

1 5B

2 4B

3 4B

4 5B

5 5B
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CONCLUSIONS

Based on the results obtained from the 
research, the following conclusions can be 
established:
 • The lowest value of surface free energy was 

obtained for variant 6 of surface preparation, 
while the highest value was obtained for vari-
ants 1 and 3. The surface coating characteris-
tics obtained for variant 6 on the basis of SEP 
are characterised to the highest degree by hy-
drophobic features.

 • The results of the three-point bending strength 
test did not show any significant differences 
in the results in terms of forces, which attests 
to the repeatability of the material characteris-
tics exhibited by the DC01 sheet used, but the 
tests did allow the susceptibility of the coated 
surfaces to moulding during the bending pro-
cess and in their service life to be assessed. 
The best results were obtained for specimens 
to which coatings were applied according to 
the parameters of variants 5 and 6, while the 
worst results were obtained for variant 3. The 
deformations and their nature attest to the fact 
that steel moulds with PFA coatings applied 
to them should not work in compression and 
should be avoided for them.

 • The results of the adhesion test using the 
grid method showed that the surfaces of the 
samples with the coating applied according 
to the technology adopted in variant 3 per-
formed worst in the test, while the samples 
of series 2 and 6 performed best. During the 
tests carried out, in the case of the samples 
made according to variant 1, both in the 
bending test and during the adhesion test 
using the grid method, one of the samples 
showed completely different properties, the 
surface was damaged. This may be indica-
tive of a lack of repeatability and stability 
during the coating process with the respec-
tive method. The best adhesion and scratch 
resistance properties were demonstrated by 
specimens of series 6.

Table 10. Results of the classification of the developed coating variants in terms of the test methods used
Type of test Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6

Surface free energy 6 3 5 4 2 1

Three-point bending 5 4 6 3 2 1

Measurement of coating adhesion 4 2 6 3 3 1

Total score 15 9 17 10 7 3
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