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1. Introduction
Epoxy coatings consisting of two components, a base 

and a hardener, are commonly employed for safeguarding 
crude oil storage tanks, ensuring their continued operational 
performance. However, a range of factors, including intrinsic 
characteristics, thermal influences, volumetric changes, and 
lattice disparities, can introduce residual stress into these epoxy 
coatings, potentially compromising their performance [1]. 
Throughout the crosslinking and curing process, volumetric 
transformations occur, driven by the interaction between the 
base and the hardener [2]. The presence of fillers, fibres, or 
glass flakes can exacerbate this issue as these materials often 
shrink at different rates compared to the resin and hardener, 
leading to the formation of residual stresses. Furthermore, 
parameters such as curing temperature and coating thickness 
significantly impact the initiation of residual stresses during the 
curing process of epoxy-based coatings [3]. Intrinsic residual 
stresses may also be present, stemming from defects like air 
bubbles and grain boundaries within the epoxy coating [4].

Various methods are employed to evaluate residual stresses, 
encompassing both experimental and numerical techniques [5]. 
The X-ray diffraction (XRD) technique is widely utilised for 

measuring residual stresses in diverse materials. XRD assesses 
strain within the crystal lattice, allowing for the calculation 
of residual stress based on elastic constants [6]. In contrast, 
numerical methods such as finite element method (FEM) and 
artificial neural networks (ANN) have gained popularity for 
predicting residual stresses. FEM entails complex non-linear 
analyses, influenced by boundary conditions and modelling 
procedures [7, 8], while ANN, as a computational model, 
employs artificial neurons to simulate structural organisation, 
predict relationships between input parameters, and model the 
system [9, 10]. 

Despite the critical implications of residual stresses, 
their evolution within epoxy coatings has received limited 
research attention. P. Kamarchik, et al. (1980) [11] reviewed 
the application of the X-ray technique for measuring and 
estimating residual stresses in coating and coating-related 
systems. The results indicated that less adhesion and 
misleading cross-linking between coating molecules can result 
from the residual stresses. I. Kishore (2003) [12] used finite 
element analysis to simulate the formation of residual stress 
in epoxy resins created due to the influence of dimensional 
constraints. The simulation results indicate that there are 
possible areas where delamination and cracking in epoxy 
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can occur, and the residual stress in epoxy resins is generated 
from volumetric changes that occur throughout the curing and 
crosslinking process. S.B. Aboubakar (2009) [13] computed 
and analysed residual stresses at fibre-epoxy interfaces 
using an axisymmetric model. Two cases are considered, an 
epoxy matrix with glass and carbon fibres respectively with 
different fibre volume. The results show that the stresses at the 
interface are affected by residual thermal stresses, particularly 
in the free edges. J. Cheng, et al. (2009) [14] synthesised and 
studied the curing temperature and thermal stability of novel 
epoxy coatings containing 4,4-diaminodiphenyl sulfone as 
a hardener and 4,4-diaminodiphenylmethane as a base using 
differential scanning calorimetry. They found that the thermal 
decomposition temperature of epoxy coatings increased with 
the increase in curing time and the rise in curing temperature. 
M. Frantisek, et al. (2014) [15] developed a new approach 
using a neural network method to analyse residual stresses and 
compared their results with that obtained from the experimental 
C-Ring measurement method. It has been shown that the neural 
network method is a good procedure for the analysis of residual 
stresses. D. Taisei, et al. (2015) [16] measured the residual 
stress in polyamide film polymer using the X-ray diffraction 
technique. The diffractometer with a transmission method 
was used in experimental measurement. They discussed the 
problems related to measuring residual stresses in polymer 
coatings and showed that the X-ray technique is a good 
method to measure residual stresses in polymer coatings. Q. 
Li, et al. (2022) [17] studied the internal stresses in epoxy 
coatings using both analytical and experimental methods, 
including the attenuated total reflection-fourier transform 
infrared technique and dynamic mechanical thermal analysis. 
They investigated the effect of various parameters, including 
the molecular structures of binders and hardeners, filler type 
and concentration, and initial solvent concentration on internal 
stress values.

In our study, we focus on measuring the residual stress in three 
types of Hample epoxy coatings, namely pure epoxy, Novolac 
epoxy, and epoxy reinforced with glass fibres. These coatings 
find application in crude oil storage tank linings. We employ 
X-ray diffraction to measure residual stresses and compare the 
results with those calculated using the FEM-ANN method. 
Our investigation delves into the impact of coating thickness, 
volumetric shrinkage, coating viscosity, and curing temperatures, 
simulating these variables using FEM-ANN techniques.

2. Materials and methods 
2.1. Experimental procedure 

2.1.1. Types of epoxy coatings

Three types of Hampel epoxy coatings have been used 
for studying. These types are commonly used for covering 
crude oil storage tanks in South Iraq. These coatings consist 
of two parts (base and hardener) which are in the liquid state 
and mixed together before being applied to the steel surface. 

These coatings are: (1) HEMPADUR 15600, amine adducts 
cured pure epoxy coats. The mixed volume ratio is 1:1 of base 
to hardener. Thickness of coatings ranges from 160-200 μm. 
Refer to this coat as model A; (2) HEMPADUR 85671, this 
is a two-component solvent-free amine-cured phenol Novolac 
epoxy coating. The volume ratio of mixing is 1:2 of base 
epoxy to hardener. The thickness of this coating is in the range 
of 250-600 μm. Refer to this type of coats as model B; (3) 
HEMPADUR multi-strength GF-35870 is an amine-adduct 
cured epoxy coating, the coats are reinforced with glass-
flakes. The mixing volume ratio is 3:1 of base to hardener. The 
maximum thickness of coatings is 350 μm. Refer to this type 
of coats as model C.

These types of Hampel epoxy-based coatings are 
manufactured by Sharjah Coating Company, U.A.E., and they 
are used as manufactured for plain coating of tanks without 
external additives except model C is reinforced by glass fibre 
as produced by the company.

2.1.2.  Specimen preparation and coats

The 3×3 cm samples with a thickness of 6 mm were used of 
ASTM A537 C1 carbon steel which was widely applied in the 
building of crude oil storage tanks of South Iraq. The specimen 
dimensions are considered according to ASTM-E0915-96R02 
[18]. The chemical compositions of ASTM A537 carbon steel 
as a percentage are Fe: 97.58, C: 0.24, Mn: 1.6, P: 0.035, S: 
0.035, Cr: 0.025, Si: 0.5, Mo: 0.8, Ni: 0.25, Cu: 0.35 [19]. Fig. 1 
shows specimens before and after coatings in addition to SEM 
image (100 times magnified) of the cross-section to show the 
thickness of epoxy coatings. All Hampel coatings were applied 
by airless spray to steel substrates at nominally standard film 
thicknesses as given by the manufacturing company. The 
PosiTector 6000 coating thickness gauges manufactured by 
LABOMAT (France) were used to check the coating thickness. 

Fig. 1. Specimens before and after coatings with SEM image.

To study the effect of curing temperature on the residual 
stresses induced during solidification, the samples of the three 
models of coatings were left to cure at nine temperatures (10, 
15, 20, 25, 30, 35, 40, 45 and 50°C), respectively. Based on 
information provided in the manufacturer’s data sheets for 
various types of epoxy-based coatings, the curing time for 
model A is up to 72 hours, the curing time for model B is 7 
days, and the curing time for model C typically takes 10 days. 
A total of 100 specimens were used for X-ray measurement.



PHYSICAL SCIENCES | CHEMISTRY, ENGINEERING

56 DECEMBER 2023 • VOLUME 65 NUMBER 4

2.1.3. Residual stress measured by X-ray

In X-ray diffraction (using the sin2 ψ method), the strains 
in the crystal lattice of the coatings were measured along the 
tangential direction, and the associated stress is computed from 
the elastic constants (modulus of elasticity and Poisson’s ratio) 
assuming a biaxial state of stresses [20]. The basic assumption 
throughout strain measurement by X-ray diffraction is that 
the plane of the crystal lattice in epoxy-based coating has a 
uniform linear elastic distortion. The d-spacing was measured 
by a diffractometer for different values of ψ, and the residual 
stress is calculated using the following relationship [21]:
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where dψ is the inter-planar spacing of planes at an angle ψ to 
the surface (μm); dn is the inter-planar spacing of planes normal 
to the surface (μm); E is the elastic modulus of the coatings 
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Fig. 2. X-Ray diffraction machine and method of measured residual 
stresses using X-ray diffraction.

The X-ray measurements were performed on an ADX-8000 
Mini θ-θ Powder X-ray diffraction instrument manufactured 
by Angstrom Advanced Inc. The X-ray source is a Cu tube, 
which is used for all specimens tested. Since the thickness of 
epoxy coats is relatively small, and only the surface strain can 
be achieved. The goniometer was used to read and record the 
angle (2θ). The collimator was used to control the irradiated 
area. Table 1 lists the specifications used by X-ray diffraction. 
X-ray diffraction experiments were conducted using the 
machine illustrated in Fig 2A at the Ministry of Science and 
Technology. A voltage of (10 kV) and a current of 15 mA were 
supplied to the target, which is copper with a wavelength of 
1.5406 Å, and nickel as the filter material. Fig 2B shows the 
method of measured residual stresses.

Table 2. Epoxy coating elastic modulus and Poisson’s ratio 
obtained from tensile test.

Cure temperature oC
Elastic modulus (GPa.) Poisson’s ratio

Model A Model B Model C Model A Model B Model C

10 2.24 1.65 0.96 0.42 0.31 0.27

15 2.20 1.61 0.95 0.42 0.31 0.27

20 2.18 1.60 0.94 0.43 0.34 0.28

25 2.15 1.59 0.91 0.43 0.34 0.28

30 2.14 1.57 0.89 0.40 0.34 0.28

35 2.12 1.55 0.88 0.40 0.35 0.28

40 2.11 1.52 0.85 0.45 0.35 0.28

45 2.10 1.51 0.84 0.45 0.35 0.29

50 2.10 1.50 0.83 0.45 0.35 0.29

To compute the residual stress from Eq. (1), the unstressed 
lattice spacing dn, the stressed lattice spacing dψ, the elastic 
modulus and Poisson’s ratio of epoxy-based coatings must be 
determined. Different methods for obtaining the unstressed 
and stressed lattice spacing are found. Due to simplicity, the 
sin²ψ method is used for determining dn and dψ lattice spacing. 
A number of X-ray measurements are performed to determine 
the interplanar spacing (dn) in μm for various values of ψ. 
Then, a linear curve of d vs. sin²ψ is plotted, and the value 
of the lattice spacing is intercepted on the y-axis at sin²ψ = 
0, which is considered dn [22]. The two common causes of 
error that affect XRD results are specimen- and instrument-
sensitive errors. The best precision attainable for the machine 
used is about +0.4%, and the probable error does not exceed 
+1% according to the manufacturing data sheet. The samples 
were sent for measuring the residual stresses immediately after 
curing at each temperature.

Fig. 3. Epoxy coating specimens for tensile testing and tensile 
testing machine.

The measurement of mechanical properties (e.g., elastic 
modulus and Poisson’s ratio) of the epoxy coating has 
some difficulties because the structure of epoxy coatings is 
complex and contains lamellae, pores, micro-cracks, and so 
on. The Hounsfield hand-operated universal tensile testing 
machine SM1002, Hounsfield Company, UK), in accordance 
with ASTM E8M-01 [23] and ASTM D638-14 [24], shown 
in Fig. 3, is used  for achieving tensile tests to measure the 
elastic modulus and Poisson’s ratio of the three types of 
epoxy coatings. Two strain gauges were used, one to measure 
longitudinal deformation and the other to measure contraction 
in the median of the specimen during the test. 
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Figure 3 shows specimens after moulding and solidification. 
Two glass plates with dimensions and shape similar to the 
tensile test specimen given by ASTM E8M-01 and ASTM 
D638-10 [23, 24] were used as moulds for casting the three 
Hample epoxy coatings to prepare the tensile specimens. 
Rubber binding around the glass plates was used to fix them. 
The specimens were left to cure at temperatures (10, 15, 20, 
25, 30, 35, 40, 45, and 50°C). The specimen has a 50 mm 
gauge length and 5 mm diameter. The specimens are treated as 
elastic materials for tensile tests. A total of 54 specimens were 
prepared for tensile testing.

2.2. Numerical methods 

2.2.1 FEM

Fig. 4.  The meshes used in the models. (A) Metal-coating system; 
(B) Finite element mesh of coating.

FEM was carried out using the commercial software ANSYS 
V.7 for both thermal and displacement analysis. The coatings were 
modelled in 3D with 8-node quadratic quadrilateral elements. The 
meshes used in the models are shown in Fig. 4. The boundary 
conditions for the models state that all nodes on the top surface are 
subjected to temperature (10, 15, 20, 25, 30, 35, 40, 45, and 50°C), 
while bottom surface nodes are constrained in the X-Y directions. 

The finite element analyses were carried out on 3D 
models using temperature-dependent material properties: 
elastic modulus and Poisson’s ratio. The elastic modulus and 
Poisson’s ratio are determined from tensile test specimens 
cured at various temperatures. The reference coefficient of 
thermal expansion (CTE) is 70×10-6/°C for amine-cured phenol 
Novolac epoxy, while for amine-adduct cured pure epoxy paint, 
it is about 121.4×10-6/°C, and for amine-adduct cured epoxy 
coating reinforced with glass flakes, it is about 30×10-6/°C 
at room temperature according to company manufacturing data 
sheet information. For other temperatures, the coefficient of 
thermal expansion used in ANSYS V.7 software program is 
calculated using the Eq. [25]:
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 3.2. ANN 

		              (2)

where αT is the coefficient of thermal expansion at temperature T, 
T is the temperature (oC), αref is the reference coefficient of thermal 
expansion, a value of 0.01 in this analysis, and Tref is the reference 
temperature for thermal expansion, usually taken as 22oC.

There are 2000 elements in the FEM analysis, each with a size 
of 0.0065 mm.

2.2.2. Artificial neural networks

Fig. 5. Schematic diagram of ANN method for predicting residual 
stresses.

For the predictive analysis using ANN, the ANN model 
consists of three layers: the input layer, the hidden layer, 
and the output layer [26]. The input parameters for the ANN 
model consist of the strains and displacements obtained 
from the numerical simulations using FEM, with mechanical 
properties obtained from tensile tests, and the outputs are the 
corresponding predicted residual stress. The learning function 
is the gradient descent algorithm with momentum weight 
and bias learning functions. The number of hidden layers 
and neurons are determined through a trial-and-error method 
to accommodate the convergence error. The structure of the 
proposed ANN model is 7 neurons in the input layer, 1 neuron 
in the output layer, and the number of neurons in the hidden 
layer was obtained by trial testing from 10 to 20 neurons 
using the Levenberg-Marquardt (LM) learning algorithm. 
The learning rate is 0.55, with a momentum term of 0.9, and 
the network training consists of 10,000 iterations. The error 
between the desired and actual output is less than 0.001 at the 
end of the training process. Fig. 5 shows the basic architecture 
of the artificial neural network model. MATLAB R2010b with 
the neural network toolbox was used during the studies for 
training and testing data obtained from FEM and tensile tests. 
The root mean square error (RMSE) and correlation coefficient 
(R²) values were used for comparison [9]:

 
 

11 
 

          𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  [(1
𝑛𝑛) ∑ |𝑡𝑡𝑗𝑗 − 𝑜𝑜𝑗𝑗|2

𝑗𝑗 ]
1/2

                                                                       (3)    

          𝑅𝑅2 = 1 − (∑ (𝑡𝑡𝑗𝑗−𝑜𝑜𝑗𝑗)2
𝑗𝑗
∑ (𝑜𝑜𝑗𝑗2)𝑗𝑗

)                                                                                        (4) 

where: t is the goal value, o is the output value, and n is the number of samples. The 

standard error (uncertainty) can be determined by calculating the mean stress using the 

following equation [9]: 

 𝜎𝜎𝑚𝑚
=( 𝜎𝜎1+ 𝜎𝜎2+⋯..)

𝑁𝑁                                                                                                      (5)                      

where: N is the number of data points. The standard deviation can be given by: 

 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = √(𝜎𝜎𝑖𝑖−𝜎𝜎𝑚𝑚)2

𝑁𝑁−1                                                                                          (6) 

and the standard error is evaluated by: 

 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
√𝑁𝑁  .                                                                                                   (7) 

4. Results and discussions 

 

Fig. 6. The stress-strain curves of epoxy coatings cured at 10oC. 

 Figure 6 shows stress-strain curves of the three Hample epoxy coatings cured at 

10°C obtained from tensile tests of specimens given in Fig. 3. The thickness of each 

sample differs from others but is within the range of thickness given by the 

manufacturer's data sheets. As illustrated in Fig. 6, there is a linearly elastic response of 

the stress-strain curves until the point of maximum stress, followed by abrupt failure at 

 (3)   

 
 

11 
 

          𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  [(1
𝑛𝑛) ∑ |𝑡𝑡𝑗𝑗 − 𝑜𝑜𝑗𝑗|2

𝑗𝑗 ]
1/2

                                                                       (3)    

          𝑅𝑅2 = 1 − (∑ (𝑡𝑡𝑗𝑗−𝑜𝑜𝑗𝑗)2
𝑗𝑗
∑ (𝑜𝑜𝑗𝑗2)𝑗𝑗

)                                                                                        (4) 

where: t is the goal value, o is the output value, and n is the number of samples. The 

standard error (uncertainty) can be determined by calculating the mean stress using the 

following equation [9]: 

 𝜎𝜎𝑚𝑚
=( 𝜎𝜎1+ 𝜎𝜎2+⋯..)

𝑁𝑁                                                                                                      (5)                      

where: N is the number of data points. The standard deviation can be given by: 

 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = √(𝜎𝜎𝑖𝑖−𝜎𝜎𝑚𝑚)2

𝑁𝑁−1                                                                                          (6) 

and the standard error is evaluated by: 

 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
√𝑁𝑁  .                                                                                                   (7) 

4. Results and discussions 

 

Fig. 6. The stress-strain curves of epoxy coatings cured at 10oC. 

 Figure 6 shows stress-strain curves of the three Hample epoxy coatings cured at 

10°C obtained from tensile tests of specimens given in Fig. 3. The thickness of each 

sample differs from others but is within the range of thickness given by the 

manufacturer's data sheets. As illustrated in Fig. 6, there is a linearly elastic response of 

the stress-strain curves until the point of maximum stress, followed by abrupt failure at 

 (4)

where t is the goal value; o is the output value, j is the sampling 
point, and n is the number of samples. The standard error 
(uncertainty) can be determined by calculating the mean stress 
using the following equation [9]:
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Fig. 6. The stress-strain curves of epoxy coatings cured at 10oC.

Figure 6 shows stress-strain curves of the three Hample epoxy 
coatings cured at 10°C obtained from tensile tests of specimens 
given in Fig. 3. The thickness of each sample differs from others 
but is within the range of thickness given by the manufacturer’s data 
sheets. As illustrated in Fig. 6, there is a linearly elastic response of 
the stress-strain curves until the point of maximum stress, followed 
by abrupt failure at strains larger than 2.28, 2.47, and 2.68% for 
models A, B, and C, respectively. Elastic modulus was extracted 
from the stress-strain curves of Hample epoxy specimens cured 
at various temperatures, while Poisson’s ratio is determined from 
longitudinal and lateral strain measured by strain gauges during the 
test. The behaviour of the three epoxy coatings is similar to metallic 
materials, as indicated in all stress-strain curves, i.e., the tensile 
strength increased with increasing load until failure. The tensile 
test is conducted for the similar tensile test specimens cured at 
temperatures (15, 20, 25, 30, 35, 40, 45, and 50°C). Similar curves are 
obtained and used for determining the elastic modulus and Poisson’s 
ratio at these curing temperatures. Table 2 summarises the elastic 
modulus and Poisson’s ratio for the three models of epoxy coatings 
at different curing temperatures. The yield strength is obtained by 
the 0.2% offset yield strength. This is used as points to obtain elastic 
modulus and Poisson’s ratio. When taking 30 points arbitrarily from 
curves in Fig. 6, the uncertainty error analysis using Eqs. 5-7 show 
that the error in data obtained from tests is less than 0.1%.

As indicated in Table 2, model C has lower values of elastic 
modulus and Poisson’s ratio due to its rigidity because of 
reinforcement by glass flakes compared to others. Also, the effect 
of increasing curing temperature on elastic modulus values is less 
compared to other types of coatings. For model A and B, the values 
of elastic modulus have a high effect on curing temperature, and 

the modulus reduces as curing temperature increases. The effect 
of curing temperature on values of Poisson’s ratio is very small 
compared to the effect on the values of elastic modulus.

All data obtained from the tensile test in Table 2 are parameters 
input to FEM programs. The displacements and strains in each 
element of the coating surface system are obtained by solving the 
n independent equations resulting from FEM meshes in the three-
dimensional case. In the finite element analysis, the boundary 
temperatures are set at curing temperature 10°C and then increase by 
step increments of 5°C for each case of calculating displacement and 
strains. The FEM results, in addition to cure temperature and coating 
thickness, are inputs to the neural network toolbox of MATLAB 
R2010b and used to train the ANN model that is shown in Fig. 5. 

By training several networks and estimating the error, the optimal 
number of neurons in the hidden layers is determined. Trials were 
conducted using two learning algorithms, the Levenberg-Marquardt 
learning algorithm (LM) and resilient backpropagation (RP). The 
trials conducted that the LM learning algorithm to be the best one for 
the residual stresses. Table 3 presents the optimal number of neurons 
in hidden layers for residual stresses. According to Table 3, the best 
input layers, hidden layers, and output layers are 7-13-1. The Log-
sigmoid transfer function is used for training the input data in the 
hidden layer with backpropagation algorithm. The predicted residual 
stresses were validated with that obtained from the X-ray method. 
Table 3. Statistical data of residual stresses for 10 learning algorithms.

Learning algorithm Number of neurons
Training data Testing data
RMSE R2 RMSE R2

LM 7-10-1 0.1043 0.9632 0.0930 0.9540
LM 7-11-1 0.1047 0.9678 0.0962 0.9483
LM 7-12-1 0.0944 0.9555 0.0931 0.9644
LM 7-13-1 0.0845 0.9110 0.0882 0.9514
LM 7-14-1 0.0946 0.9473 0.0931 0.9453
RP 7-15-1 0.0959 0.9337 0.0945 0.9588
RP 7-16-1 0.0924 0.9550 0.0950 0.9633
RP 7-17-1 0.0980 0.9588 0.0828 0.9623
RP 7-18-1 0.1075 0.9578 0.0910 0.9468
RP 7-19-1 0.1081 0.9589 0.0942 0.9394
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Figure 7 compares the residual stresses of the three types of 
epoxy coatings cured at 10°C as a function of coating thickness. 
It also compares those measured using the X-ray method at the 
centre of coated specimens and those calculated by the FEM-ANN 
method at room temperature. As indicated, the results appear 
to be in excellent agreement. The residual stresses in the radial 
direction are very small, so they are neglected, and the stresses in 
the tangential direction are considered only.

The maximum residual stresses for epoxy coatings obtained 
from the X-ray measurements are -20.9, -9.11, and -14.04 MPa for 
coatings A, B, and C, respectively. While those obtained from the 
FEM-ANN method are -19.57, -8.72, and -13.61 MPa for coatings 
A, B, and C, respectively. The magnitude of the residual stresses 
is lower at the interface region of samples and begins to increase 
with coating thickness increases. The increase in coating thickness 
increases the time needed to cure the coatings, and this leads to 
an increase in reactions between base and hardener to form the 
crosslink density of epoxy coatings. This leads to an increase in the 
values induced by stresses. Also, it can be noted that the residual 
stress distribution induced in a coating layer is not uniform through 
thickness and varies due to different types of compositions and 
reinforcement. Also, it can be noted that all residual stresses are 
compressive stresses. As seen, the compressive residual stress 
would be produced because the reaction between base and hardener 
during mixing to produce epoxy coating was completely occurs 
after coating applied. Also, the residual stress in the epoxy coating 
is compressive due to the smaller coefficient of thermal expansion 
of the epoxy coat than that of the substrate of steel coated.

Model A consists of amine adduct cured pure epoxy paint 
which has a high content of residual solvents, monomers, and 
low molecular weight extractables that induce high residual stress 
compared to models B and C. model C is reinforced by glass 
flakes, and this reduces the internally induced stresses. 
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Fig. 8. Variation of residual stresses with curing temperatures.

Figure 8 shows a comparison of residual stresses obtained 
from X-ray measurement and the FEM-ANN method as a function 
of curing temperatures at a thickness of 100 μm. The temperatures 
selected for study range from 10 to 50°C, increasing by steps of 
5°C. From Fig. 8, the residual stress value has a major influence 

on the solidification temperature of the epoxy-based coating. The 
residual stresses acquired from X-ray diffraction at 10°C and a 
thickness of 100 μm are -19.60, -9.11, and -14.04 MPa for models 
A, B, and C, respectively, while values obtained from FEM-ANN 
methods are -19.57, -8.72, and -13.61 MPa for models A, B, and C, 
respectively. The residual stresses acquired from X-ray diffraction 
at 50°C and a thickness of 100 μm are -27.11, -18.10, and -22.04 
MPa for models A, B, and C, respectively, while those obtained 
from FEM-ANN methods are -26.05, -17.61, and -21.30 MPa 
for models A, B, and C, respectively. This shows that there is a 
significant increase in residual stress values with an increase in 
curing temperatures of coatings, whereas these values are lower 
at lower temperatures. It is found from Fig. 8 that the best curing 
temperature is 25°C, which provides a lower value of residual 
stress. From these results, it is demonstrated that the residual 
stresses generated will increase by percentage values of 40.81, 
11.085, and 56.98% for models A, B, and C, respectively, when 
the curing temperature rises from 10 to 50°C.

In the case of amine adduct cured pure epoxy coating, if the 
curing temperature is low, it leads to low reactivity of the amine 
group when mixing with the epoxy. This causes an excess of epoxy 
rings in the backbone and results in fluctuations in the curing rate or 
solidification rate of coatings, making the cure mechanism difficult. 
This process induces high residual stress compared to other types. 
However, a high curing temperature may accelerate the reactivity 
of amine hardeners and reduce the time of solidification. In other 
words, increasing cure temperatures increase the evaporation of 
hardener (exothermic reactions or increase activation energy 
between base and hardener), which leads to an increase in the 
values of residual stresses induced. Also, if the thickness of the 
coating increases and the curing temperature rises, this makes the 
coatings soft and more flexible due to the heat not escaping or 
dissipating as easily. Thus, increases in residual stresses with the 
thickness of coatings.

One of the most important properties of epoxy coatings 
influenced by curing temperature is the cross-linking density of 
the epoxy coats and its process, and this directly affects the values 
of initiated residual stress. A very dense cross-linking between 
coating components forms a very strong network through the 
epoxy coating and enhances its mechanical properties. In the case 
of model B, which contains Novolac coats, the Novolac epoxy 
coating results from the reaction of phenol functional groups 
(hardener) and formaldehyde resin (base). After the mixing 
process, the curing process results in a very cross-linked material. 
During cure, the cross-link density of Novolac epoxy coating 
increases gradually, transforming the liquid reactants into a solid 
to yield an amorphous solid. As the physical state of the Novolac 
coating changes during cure, it experiences residual stresses due to 
volume shrinkage and the effect of the curing temperature. 

For model C, as the curing temperature rises, thermal 
expansion causes a decrease in tension on the glass flakes and an 
increase in compression of the epoxy matrix. Due to the difference 
in the coefficient of expansion between the glass flakes and 
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the epoxy matrix, the induced residual stresses are rather small 
compared to model A. For coating C, the coatings have medium 
values of compressive residual stresses, but they have high 
densities compared to the other types of coatings. On the other 
hand, in the glass flake/epoxy systems, residual stress develops 
during thermal cure due to the shrinkage of the epoxy. The cure 
shrinkage between the glass flakes and epoxy base is less at lower 
curing temperatures compared to elevated ones, which also leads 
to an increase in crosslink density and reduces initiated stresses. 
However, the shrinkage due to chemical curing and crosslinking of 
the Novolac epoxy is larger than that of model C coatings.

To make a comparison between the volumetric shrinkage of 
the tested epoxy coatings, the volumetric shrinkage of the three 
epoxy coats was calculated using the following equation [27, 28]:

Volumetric shrinkage (%)= 
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the curing epoxy coatings (kg/m3). 
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the epoxy coats are sprayed on it. After spraying, the coating is ground to make this 

specimen cylindrical. Given the known size of the substrate, the volume of the coating 

can then be calculated. After the specimen is ground and weighed, the coats are ground 

to obtain the mass of the coating [29]. Table 4 shows the density of uncured epoxy coats 

which is given by data sheets of the manufacturer's company [30, 31, 32] and those 

calculated by using a direct method for curing epoxy coats. 
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where ρu is the density of the uncured epoxy coatings (kg/m3) and 
ρc is the density of the curing epoxy coatings (kg/m3).

The density of curing epoxy coats was determined 
experimentally using a simple method on a cylindrical specimen. 
A cavity is made on the specimen, following which the epoxy coats 
are sprayed on it. After spraying, the coating is ground to make this 
specimen cylindrical. Given the known size of the substrate, the 
volume of the coating can then be calculated. After the specimen 
is ground and weighed, the coats are ground to obtain the mass 
of the coating [29]. Table 4 shows the density of uncured epoxy 
coats which is given by data sheets of the manufacturer’s company 
[30-32] and those calculated by using a direct method for curing 
epoxy coats.

The values of volumetric shrinkage calculated for the three 
models are 5.10, 3.73, and 4.55% for models A, B, and C, 
respectively. Model A, containing amine adduct pure epoxy 
coatings, shows a large volume shrinkage upon curing, while 
model B shows low shrinkage during the curing process, and 
model C shows a moderate value.

The reinforcement occupies a small position in epoxy coats 
and is formed from local shrinkage during the curing of the epoxy 
and hardener reactions, acting as a bridge interconnecting coating 
molecules. This results in reduced volume shrinkage in addition 
to an increase in cross-linking density [33]. The formation of 
voids in the cured amine adduct pure epoxy coats occurs due to 
the volume shrinkage during the curing reaction, resulting in an 
increase in the inducing internal stresses in these coats [34]. The 
volume shrinkage has conventionally been reduced by the addition 
of organic and inorganic reinforcement. However, the addition of 
reinforcement to curable compositions frequently results in an 
increase in viscosity and thus reduces fluidity [35, 36]. 

At low temperatures, the base-hardener epoxy coating 
cure reaction proceeds very slowly compared to that at high 
temperatures, affecting the values of initiated stresses. At 20°C, the 
reaction becomes stable compared to other temperatures, leading 
to smaller initiated residual stresses compared to other curing 

temperatures. The results show that the tangential residual stress 
at high curing temperatures is higher for the three models of epoxy 
coat when compared to lower curing temperatures.

Compared to the amine adduct curing epoxy, the Novolac 
coating has greater viscosity. The amine adduct curing epoxy has 
lower reactivity when reacting the epoxy resin with hardeners, 
which reduces the curing process of this type of coating [37]. The 
chemical backbones of Novolac epoxies have more reactive groups 
(functionality) which can result in higher curing temperature and 
a highly cross-linking density compared to amine cure pure epoxy 
coat. This highly chemical cross-linking enhances the thermal and 
chemical resistance of the coating [38]. As the curing process is 
slow with time, the residual stress created is increased due to the 
increased cure time. Adding glass flakes to model C increases the 
crosslink density but has also been found to increase the residual 
stress compared to model B.

4. Conclusions
This study has investigated the influence of curing conditions 

and epoxy coating thickness on residual stress values. The 
discussion has highlighted a strong agreement between X-ray 
diffraction and the FEM-ANN model in assessing residual stresses. 
Curing temperature, in particular, has emerged as a key factor, with 
lower curing temperatures resulting in reduced residual thermal 
stresses compared to higher temperatures. Specifically, the results 
indicate that at 10°C, the residual stresses measured by X-ray 
diffraction are -19.60, -9.11, and -14.04 MPa for models A, B, and 
C, respectively. Correspondingly, the values obtained from the 
FEM-ANN methods are -19.57, -8.72, and -13.61 MPa for models 
A, B, and C, respectively. Similarly, at 50°C, the residual stresses 
recorded by X-ray diffraction are -27.11, -18.10, and -22.04 MPa 
for models A, B, and C, while the FEM-ANN methods yield 
-26.05, -17.61, and -21.30 MPa for the same models. Importantly, 
regardless of the assessment method, all residual stresses are found 
to be compressive. 

Furthermore, the investigation reveals that residual stresses 
exhibit variation across the coating thickness. For instance, at a 
thickness of 10 μm, the residual stresses determined by X-ray 
diffraction and FEM-ANN methods are -11.97, -3.52, and -6.25 
MPa for coatings A, B, and C, respectively. When the thickness 
is increased to 100 μm, the corresponding values are -20.9, -9.11, 
and -14.04 MPa for coatings A, B, and C using X-ray diffraction, 
and -19.57, -8.72, and -13.61 MPa for the same coatings using the 
FEM-ANN method.

In summary, model B, consisting of free amine-cured phenol 
Novolac epoxy, displays lower residual stress values. Conversely, 
model A, featuring amine-adduct cured pure epoxy, exhibits 
higher values. Model C, which incorporates glass flakes for 
reinforcement, demonstrates moderate levels of residual stress. 
These findings underscore the significance of curing conditions 
and coating thickness in determining residual stress profiles in 
epoxy coatings. 
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