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Abstract: An experimental and theoretical study of the effect of polymer coatings on an epoxy-polyester base on 

the mechanical properties of samples in the form of steel plates has been carried out. It is shown that, despite the 

fact that the thickness of the coatings is only 100 μm, they have a significant effect on the mechanical properties 

of plates up to 1,5 mm thick, leading to a decrease in Young's modulus, tensile strength and ultimate 

deformations of the samples. It was shown that the elastic modulus of the coated plate cannot be determined 

unambiguously from tests for central tension and three-point bending. In bending tests, there is a more 

significant reduction in plate stiffness compared to tensile tests. This effect is confirmed by calculations within 

the framework of classical models of the theory of elasticity.  
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Introduction 
Young's modulus is the most important mechanical property of a material and its measurement is of great 

importance in applied and fundamental fields. In the case of multilayer materials (thin and thick coatings are 

applied to different substrates)[1-8], which are used in many fields (aerospace, automotive, electronic, etc.)[9-

26], understanding and modeling the mechanical behavior of materials (e.g. practical adhesion, wear, friction, 

protective properties, also internal stresses) require knowledge of Young's moduli of materials and substrate, and 

coating [27-35]. As a rule, data on Young's moduli for various materials in their volume form are available from 
the literature. However, when the same materials are applied to a substrate as thin plates or layers (coatings), the 

Young's modulus values differ significantly[36-45]. This study aims to determine the Young's modulus of 

coating materials.  

 

Experimental techniques 
The tests were carried out on specimens in the form of plates 120 mm long, 12 mm wide and 0,7 mm and 1,5 

mm thick.. The material of the plates (substrates) is rolled sheet steel of grade 08PS (unalloyed structural steel 

with a low carbon content). On the surface of the plates, a powder coating on an epoxy-polyester base of the 

EUROPOLVERI brand (Italy) was applied by electrostatic method. Before applying coatings, preliminary 

preparation of the steel surface was carried out: degreasing and then phosphating. The coating thickness was 100 

μm with a scatter of ± 30 μm. Coating was carried out in a Gema paint booth (Switzerland). Two batches of ten 

samples were made for tensile and flexural tests. Samples in different batches differed in the thickness of the 

steel substrate.  

Mechanical tests were carried out at room temperature on an Instron 5980 device (UK) with Bluehill 3 software. 

A contact extensometer with a base of 25 mm was used to measure tensile deformations of the samples. The 

length of the working part of the sample was 80 mm. Tensile tests were carried out at a speed of 1 mm / min at 

the linear stage of sample deformation and at a speed of 2 mm / min after removing the extensometer at the stage 
of plastic deformation and fracture. The tensile tests were used to determine the elastic modulus and ultimate 

strength of the samples. 

In the three-point bending test, the support spacing was 80 mm. To accurately measure the displacements of the 

plate, a contact extensometer with a base of 25 mm was used, which was attached to a deflectometer installed in 

the center under the sample. Bending tests were carried out up to the maximum value of displacement of the 

sample center point – 1,2 mm. The flexural modulus of the plates E was determined as a result of the flexural 

tests. The calculation formula in the Bluehill 3 software corresponds to the standard expression for three-point 

bending: 
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whereL – distance between supports, F – active force, bandh – sample width and thickness, w – moving sample 

midpoint. 

The program automatically selected the most typical interval on the stress-strain diagram to determine the elastic 

modulus of the samples. 
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Flexural test results 
Figures 1 and 2 show the obtained strain-stress diagrams in bending tests for the test specimens without epoxy 

coatings (Fig. 1) and with coatings (Fig. 2). A summary of the test results is presented in the table1. 

 The graphs along the X axis show the deformation values on the lower surface of the samples (these are 

tensile deformations in bending), calculated from the known displacement values in the middle of the samples 

under the action of a load: 
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 To plot the diagram, the stresses were determined automatically by the formula:   
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Bending tests were carried out within the elastic deformation zone of the samples. The value of the modulus of 

elasticity was determined automatically, while the angle of inclination of the diagram used in the calculations in 

the figures is shown by thin straight lines of the corresponding color.  
The diagrams contain a characteristic horizontal part of the graphs at the beginning of the test, which arises due 

to the presence of gaps between the sample lying on the supports and the deflectometer installed under the 

sample. For thin samples, "noises" appear on the diagrams, which are associated with insufficient accuracy of the 

used setup. However, judging by the scatter of the obtained experimental values (less than 15%), all test results 

can be considered reliable, with the exception of 0,7 mm thick samples with coatings, for which a scatter of 23% 

was obtained. Experimenting with such thin coated samples requires additional verification on a facility with a 

higher precision in voltage measurement. 

 
Fig. 1. Results of bending tests of uncoated steel samples. 

a) hст=0,7 mm; b) hст=0,9 mm; c) hст=1,2 mm; d) hст=1,5 mm. 

 
 

Fig. 2. Results of bending tests on steel specimens with epoxy coatings, 130 µm thick. a) hst = 0,7 mm; b) hst = 

0,9 mm; c) hst = 1,2 mm; d) hst = 1,5 mm. 
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Table 1. Results of bending tests. 

 
стh , 

mm 

E, GPa 

(mean) 

Standard 

deviation, GPa 

The coefficient of 

variation, % 

Bending of uncoated 

specimens 

0,7 193 15 7,7 

0,9 191 5,7 3 

1,2 190 6 3,2 

1,5 192 3 1,6 

Bending epoxy coated 

specimens 

0,7 154 19,6 23 

0,9 136 8,6 11,5 

1,2 109 5,8 9,6 

1,5 202 1,5 1,4 

 

Tensile test results 
 Figures 3 and 4 show the obtained strain-stress diagrams for the test specimens in tensile tests. 

Figure 3a below shows the tensile diagram of a steel specimen under single loading until failure. The 

initialОАsite obeys Hooke's law: E   .At point Аof the diagram, Hooke's law is violated: the 

relationship between force and elongation becomes nonlinear. The diagram shows a horizontal section 
(sectionВC), called the yield area. At this stage of the test, the sample is elongated (deformed) at a practically 

constant force. This phenomenon is called fluidity, while the sample is deformed evenly and along the entire 

length of the working part. At pointCthe yield platform ends and the hardening section begins. At the end 

pointDof this section, the maximum force that the sample can withstand is reached. Stress state of the sample up 

to point D - uniaxial. Further, a section of destruction or a section of local fluidity begins. It is characterized by 

local thinning of the specimen and the appearance of a neck. In the final sectionDE(after the neck appears), 

deformations are localized in the neck; in the rest of the sample, they practically do not increase. The 

deformation in the neck is inhomogeneous and has a significant gradient along the sample axis. The stress state 

in this area becomes inhomogeneous, in addition, it changes qualitatively - it becomes triaxial. The diameter of 

the neck decreases as the specimen deforms, and the specimen breaks along the smallest section of the neck. 

 

 
 

Fig. 3. Results of tensile tests on steel samples without coating. 
а) hст=0,7 mm; b) hст=0,9 mm; c) hст=1,2 mm; d) hст=1,5 mm. 
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Fig. 4. Results of tensile tests on steel samples with epoxy coatings, 130 μm thick. 

а) hст=0,7 mm; b) hст=0,9 mm; c) hст=1,2 mm; d) hст=1,5 mm. 

 

Table 2. Tensile test results. 

 

 
стh , mm Young's modulus, GPa 

(mean value) 

Maximum load, 

kgf 

Ultimate strength, 

MPa 

Stretching uncoated 

specimens 

0,7 163 0,23 283 

0,9 174 0,27 273 

1,2 180 0,36 285 

1,5 192 0,68 362 

Stretching epoxy 

coated specimens 

0,7 156 0,25 236 

0,9 143 0,29 214 

1,2 152 0,4 238 

1,5 196 0,74 339 

 

Analysis of experimental data 
A typical form of stress-strain diagrams for tensile and bending tests of specimens with a thickness of 1,5 mm 

and 0,7 mm with coatings is shown in Figure 5. Figures 5c and 5d show a stress-strain diagram on the surface of 

the specimen, which is subjected to tensile bending. The test results are presented in table 3.  
It was found that the elastic modulus of coated plates in tension and bending is lower than the standard Young's 

modulus of the steel grade used (190 GPa). At the same time, in bending tests, the value of the identified elastic 

modulus of all samples turned out to be lower compared to the value obtained in tensile tests.  Also, the value of 

the elastic modulus of a coated sample depends on the thickness of the steel substrate - thin samples have a lower 

elastic modulus. The tensile strength of both batches of samples also decreases and amounts to 336 MPa and 236 

MPa (Fig. 5a, 5b), compared with the typical characteristic of the steel used - 350 MPa. Ultimate deformations 

of specimens in tensile tests are reduced by more than three times. The listed effects can be explained by the 

influence of polymer coatings. 

For thin specimens, a significant scatter of values was obtained, especially when determining the elastic modulus 

in bending tests (22%), which is associated with insufficient sensitivity of the equipment used (see Fig.5c). The 

presence of an initial flat, almost horizontal section in the diagram shown in Fig. 5c, due to the fact that there is a 

small gap between the deflectometer and the sample lying on the supports before testing, which is difficult to 

eliminate manually if the samples are thin and pliable. The presence of a small jump in deformations in the zone 

of transition from the linear to the plastic part of the diagram in Figures 5a and 5b is due to the fact that at these 

points the extensometer was removed from the sample and further measurement of deformations was carried out 

according to the displacements of the traverse. 
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Fig. 5. Typical stress-strain diagrams obtained during tensile and bending tests of steel specimens 1.5 mm and 

0.7 mm thick with polymer coatings 100 µm thick. a) Stretching, 1,5 mm. b) Stretching, 0,7 mm. c) Bend, 1,5 

mm. d) Bend, 0,7 mm. 

 

Table 3. Results of tensile and bending tests (the standard deviation is indicated in parentheses). 

Samples 
Elastic modulus under 

tension, GPa 

Flexural modulus 

bending, GPa 

Tensile strength under 

tension, MPa 

Steel specimens 1,5 mm 

thick coated 
169 (12) 124 (10) 336 (5) 

Coated steel specimens 

0,7 mm thick 
150 (13) 85 (19) 236 (20) 

 

Conclusion 
 

The paper reports the problem of changing the mechanical properties of steel plates, on the surface of which 

protective epoxy coatings are applied. Providing protection against corrosion, polymer coatings lead to a 

decrease in mechanical samples. The modulus of elasticity of plates with a thickness of 1,5 mm with a thickness 

of 100 microns can decrease by more than 10% in tensile tests and by more than 20% in bending tests. The 

elastic moduli of 0,7 mm thick plates are reduced by more than 20% and 40%, respectively, in tensile and 

bending tests. The tensile strength and ultimate deformations of coated samples also decrease. The ambiguity of 
the determined experimental values of the elastic modulus of plates with coatings follows directly from 

calculations within the framework of classical models of the theory of elasticity.  
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