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Abstract: In this work, the mechanical properties of organic coatings based on epoxy resin (DGEBA DER 332) and two 

diamines comonomers (IPD and 3DCM) were investigated. The coatings were applied to substrates made of aluminum and 

titanium alloys. Differential scanning calorimetry and infrared spectroscopy were used to study the effect of the coating 

thickness on the degree of reaction of the substrate of both alloys and compare with the volumetric values. The residual stress 

and Young's modulus of the coatings were calculated using one-dimensional analysis based on beam theory with the 

introduction of a biaxial modulus for isotropic stress (thin plate theory). A stiffness factor was introduced, since deformations 

in the coating lead to deformations in the substrate. During the thermal cure cycle, a loss of curing agent was observed and thus 

a change in the degree of reaction of the coating.  
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1. Introduction 

 

Modulus of elasticity and residual stresses are among the most important mechanical properties of coating 

materials and their importance plays an important role in applied and/or fundamental fields. Two-layer materials 

(coatings of different thicknesses are applied to a metal substrate) are used in many industries (aerospace, 

automotive, electronics, etc.) [1-5]. Understanding and modeling the mechanical behavior (practical adhesion, 

wear, friction, protective properties) requires knowledge of the Young's modulus of both the substrate and the 

coating, as well as the determination of the residual stresses created at the interface between the polymer and the 

substrate and/or in the organic layer [6-15]. For example, high levels of residual stresses are undesirable as they 

can lead to deformations, cracks or poor adhesion of the coating. Many studies have been carried out to determine 

the residual stresses within the coating [16-25]. Most of them concern stresses in thin coatings (the coating 

thickness is less than the substrate thickness), in which the authors widely use and improve the one-dimensional 

Stoney method using the theory of beams. In recent publications, various expressions have been obtained for the 

first order residual stresses within a coating applied to sheet substrates, taking into account in-plane deformations 

in two-layer systems, by introducing biaxial models for isotropic stresses (theory of thin plates) [26-31]. When 

deformation of the coating causes deformation of the substrate (with deformation in the plane of the two-layer 

system), the equation for the residual stress was expressed as a function of the stiffness ratio, which leads to: 

 
where ℎс – coating thickness, ℎ𝑠 – pad thickness, Ес – Young's modulus of coverage, Е𝑠 – Young's modulus of 

the substrate, 𝑣𝑐 – Poisson's ratio of coverage, 𝑣𝑠 – substrate Poisson's ratio, R – radius of curvature of the coated 

system. 
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It is assumed that the materials forming the two-layer systems are homogeneous, isotropic and elastic. It is also 

assumed that the distribution of residual stresses within the coating is constant throughout the coating thickness. 

For thick covers, it is necessary to invert the subscripts c and s to the ratios shown above. 

 

Models for curved beams were used to determine Young's modulus of coating materials experiencing residual 

stresses. Bending stiffness(𝐸𝐼)𝑒𝑞
∗  was expressed as a function (a) of the original radius of curvature 𝑅1, generated 

by residual stresses developing in the coatings, (b) mechanical radius of curvature 𝑅2 when testing for bending, 

and (c) mechanical (Young's modulus) and geometric (width and thickness) characteristics of two-layer systems. 

Young's modulus of a two-layer system is calculated from the slope of the load curve within the linear deformation 

region (obtained from the bending test), while the ratio of span to sample thickness is infinite. Young's modulus 

of the coating with residual stresses was calculated using the following relation: 

 
 

 
where 𝑏𝑐 – cover width, 𝑏𝑠 – substrate width, 𝐸с∗

 - Young's modulus of the cover with stresses. Only positive 

roots were considered. 

 

This study focuses on determining the elastic moduli and residual stresses of coating materials depending on 

substrate material (with and without surface treatment), polymer, curing conditions and coating thickness. 

Typically, surface treatment of substrates is used to improve the practical adhesion of coatings. During processing, 

the surface acidity of the substrate changes and the nature of the interaction of the components of the coating and 

the substrate changes. The composition and formation of the coating network near the substrate surface can be 

quite different compared to the bulk coating with the formation of a “coating/substrate” interfacial layer. 

Consequently, during curing, the phenomenon of concentrated residual stresses in the coatings and the viscoelastic 

properties (Young's modulus) of the coating may also change. Finally, as the curing temperature rises, some of the 

coating components may partially evaporate (for example, loss of the hardener during the curing of thermosetting 

material). 

  

2. Study of the properties of polymer coatings 

 

We used metal substrates from an aluminum alloy (2024) and a titanium alloy (Ti6Al4V) with a thickness of 

511 μm and 426 μm, respectively. Poisson's ratios are taken from the handbook and are equal to 0,3 for both 

substrates. Before using any of the polymers, the surface of the aluminum and titanium substrate was treated by 

ultrasonic degreasing with acetone for 10 min. and in ethyl acetate for 10 minutes (Table 1). 
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Table 1. Surface treatment of aluminum and titanium alloys. 

Alloy Treatment Description 

Aluminum Degreasing 

 

Chemical 

etching 

Ultrasonic degreasing with acetone for 10 min. and 

in ethyl acetate for 10 minutes. 

Immersion in a solution of 250 g of sulfuric acid, 50 

g of chromic acid and distilled water up to 1 liter. 

Titanium Degreasing 

 

Chemical 

etching 

Ultrasonic degreasing with acetone for 10 min. and 

in ethyl acetate for 10 minutes. 

Immersion in an ammonium bifluoride solution (10 

g / L) at room temperature for 2 minutes. 

 

 

After processing, all substrates were kept indoors at room temperature. No changes in the substrate thickness 

after chemical etching were found. 

For analysis, titanium and aluminum sheets were cut into 100 mm by 100 mm squares. After surface treatment, 

coatings of various thicknesses (100, 200, 300, and 500 μm) were applied. Several layers of adhesive tape were 

applied around the periphery of the processed sheet to obtain the desired wet film thickness. The epoxy resin was 

poured onto a metal surface and smeared with a cylindrical glass rod. The polymer was applied no more than two 

hours after the substrate surface was treated. For mechanical tests (to determine Young's modulus and residual 

stress of organic coatings), coated samples were prepared using a silicone mold (shown in Fig. 1).   

 
 

Fig. 1. Sample testing scheme. 

 

After curing and cooling, the thickness of the adhesive coatings was determined using a micrometer (sensitivity 

5 μm).  

Used commercial monomers are shown in Table 2. All chemicals were used without further purification. The 

stoichiometric ratio R (amine hydrogen / epoxy resin) is 1.  
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The homogeneity of the mixture of DGEBA and hardener (3DCM or IPD) was achieved by stirring under 

primary vacuum at 408 С∘ (rotary evaporator RE 211, Switzerland) for 1 hour to avoid the ingress of gas bubbles. 

Then the corresponding volumes of the mixture were applied to metal substrates or in the cavity of the mold no 

later than 2 hours after the treatment of the substrate. Curing conditions are given for each dataset. 

 

For thermal analysis, bulk polymers were prepared using a cavity (70mm/10mm/20mm) in a PTFE mold. After 

curing and cooling, the specimens were cut to the desired thickness using a mechanical diamond saw. 

 

To determine Young's modulus, rods were made from epoxy polymers (the same epoxy was used for bars and 

coatings) using a silicone mold (4.5 mm / 5 mm / 80 mm). Poisson's ratios for epoxy-amine polymers are 0,3. 

 

The glass transition temperature (𝑇𝑔) was determined using a differential scanning calorimeter at a rate of 

10 С∘/min from 0 to 250 С∘. A 40 μL aluminum crucible with a pin hole was used. The calorimeter was calibrated 

with cyclohexane and indium. Samples were weighed on a balance (Mettler Toledo) with a sensitivity of 1 μg.  

 

An infrared spectrometer (FTIR Magna-IR 550 from Nicolet) with Omnic FTIR software was used. EverGloe 

source was used together with KBr beam splitter and DTGS-KBr detector. In the mid-infrared region, spectra were 

recorded in the range from 400-4000 cm−1 and in the range 4000-7000 cm−1 for the near infrared region of the 

spectrum. Assisted transmission has been used for bulk or free constant film characteristics. KBr was mixed in a 

ratio of 1:100 with various epoxy powders. Thin epoxy powder coatings were obtained by combing with a blade. 

The cKBr mixture was vacuum pressed to form discs. Blank discs were used as background. For using the 

spectrometer in the range of angles from 30 to 80 degrees. used a variable angle specular instrument for the samples 

to be analyzed. In this case, treated metal substrates were used as a background. For each analysis, 32 and 64 scans 

were collected at a resolution 4 cm−1. 

 

Experiments to measure the radius of curvature were carried out on a loading device equipped with a full-scale 

load cell with a sensitivity of 5 mN and a range of 20 N. A two-layer bar was placed on a flat and rigid material. 

The curvature was measured after the deposition and curing of the coating layer on the substrate. The cover and 

backing are of the same width. The curved shape of the multilayer strip is characterized by a circular arc (i.e., there 

is a single radius of curvature). The maximum deflection (𝛿 max) of the convex bottom side is determined for each 

coated system. If we assume that the radius of curvature is large in comparison with the length and width of the 

two-layer bar, then we can assume that the length of the neutral axis is equal to its span. Thus, for such a curved 

two-layer bar with a neutral line equal to L, the maximum deviation 𝛿 max in the average swing L/2 the radius of 

curvature 𝑅1 is: 

 
 

Glass transition temperature and change in specific heat were measured using DSC. The characteristics 

𝑇𝑔0и ∆𝐶𝑝0of the initial epoxy-amine mixture were determined from the first thermogram. The characteristics 

𝑇𝑔1и ∆𝐶𝑝1 of the final mixtures were measured from the second (or third) thermogram when the heat of exothermic 

polymerization is zero. The corresponding values are shown in Table 3. The data coincided with the theoretical. 

 
 

The degree of polymerization (x) can be calculated as follows: 

 

 
where Tg – glass transition temperature at any degree of polymerization and λ – adjustable parameter. Wherein: 

 
For theDGEBA/IPD and DGEBA/3DCM epoxy-amine systems, the λ values were 0,42 and 0,32 respectively. 

Then, from the 𝑇𝑔, values obtained for the various coatings and bulk materials, x can be calculated depending on 

the nature of the substrate and its processing, film thickness and cure cycle. 
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It was noted that under the same curing conditions, the 𝑇𝑔 values for bulk epoxy-amine systems were always 

higher than those obtained for the coated materials. In addition, 𝑇𝑔 increases with increasing coating thickness. 

DSC failed to observe any significant effect associated with the nature of the substrate. 

 

3. Conclusion 

 

The glass transition temperature, polymerization temperature, nature and intensity of residual stresses, Young's 

modulus of DGEBA organic coatings based on epoxy resin and two diamine curing agents (IPD and 3DCM) were 

measured in comparison with the volumetric values. The coatings were applied to aluminum and titanium 

substrates. It was found that all these properties depend on the nature of the substrate and its surface treatment, on 

the nature of the hardener and curing conditions, and on the thickness of the coating. Curing was observed with 

loss of agent during the thermal cure cycle.  
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