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Abstract  
 
Presented mathematical model determines the stresses depending on the measured temperature 
changes and the associated deformations of the samples. Investigations were conducted by tensile 
testing machine Zwick 50 kN on the samples from low-carbon niobium microalloyed steel. The values 
of measured parameters were determined by using the methods of thermography and digital image 
correlation. The model is formulated on the basis of a multiple regression analysis of the relations 
between measured and calculated parameters. Verification and validation of the model showed a 
good agreement between the model and the system modeled. 
 
Keywords: stress, mathematical model, thermography, digital image correlation 
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INTRODUCTION  
 

The rapid development of technologies requires manufacturers to quickly adapt to new 
products, which have to meet the growing demands of the market. The development of 
materials used in the production of components goes hand in hand with development of the 
technologies. The best example for this is the automotive industry which, in addition to 
maintaining or increasing safety and dimensions, also requires a lower mass of the final 
product. For this reason, manufacturers are increasingly turning to the new types of 
materials. To maintain the reliability of the built-in components, it is of utmost importance 
to conduct detailed mechanical testings of newly installed components. Along with the 
application of different testing methods, the modeling and testing of components by using 
models formulated on the basis of the finite element method are increasingly in use [1-3]. 
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Models for modeling mechanical behavior of various metal system components that are 
under load are especially complex. These models have certain limitations in terms of 
predicting all factors that may affect final values. They require knowledge of a significant 
number of parameters of the material to simulate the real behavior of certain components 
in the system as accurately as possible [4-8]. In order to obtain the reliable information of 
the material, there are also different models used in research to determine the 
interdependence between different parameters [4,5]. The wide knowledge on the material 
flow and stress distribution in the observed sample under load is also necessary [6,9]. 
Existing modeling methods are constantly subjected to improvements [8,9], as well as the 
ability of devices for the model verification [7]. What is valid for all models is a large number 
of metal testing, such as static tensile test, shear test, or some other method. 

From the literature it is evident that there is a need for extensive research in order to 
develop the reliable models for determining stress distribution in the deformation zone. 
Lately the idea and need for a different and perhaps simpler approach to the modeling have 
emerged. It is well known that during the plastic deformation of the metals there is a change 
in the internal energy of the deformed metal, and this is manifested with the temperature 
change of the test sample in the deformation zone [10,11]. This change can be detected and 
measured by an infrared camera, and subsequent thermal analysis provides a clearer picture 
of the temperature distribution, i.e. the metal flow, throughout the deformation zone [11-
14]. Thermography thus provides rapid and accurate measurements from which the 
distribution of temperature can be analyzed, and thus stress and deformation distribution 
during deformation of the test samples may be determined [13,14].  

It is a reasonable assumption that the maximum temperature change occurs at the place of 
the maximum deformation. For this reason, it is necessary to obtain the accurate 
information on deformation distribution throughout the deformation zone. This can be 
achieved by the method of Digital Image Correlation (DIC), which is frequently used today as 
a method for displacement and deformation analysis [15-17]. With this method it is possible 
to measure very small changes in displacements, thus measuring very small non-
homogeneous deformations [14,15]. The advantage of the method is also the insensitivity of 
the method considering the shape of the sample and it is possible to conduct the testings on 
the samples with non-standard shapes and sizes [18]. The method has been developed to 
such an extent that it begins to be used for the validation of models tested in real conditions 
[16].  

The aim of this paper is to formulate a mathematical model which will be able to calculate 
the values of acting stresses from the experimentally determined values of deformation 
(strains) and corresponding temperature changes. The model will be formulated on the basis 
of experimentally determined values of strain and temperature changes detected by the 
methods of Digital Image Correlation and thermography. Maximum values of strains, 
temperature changes and stresses determined by a static tensile test, were used for the 
modeling. It is realistic to assume that they occur in places of maximum acting stresses. Once 
formulated, the model will be validated and verified by experimentally measured values. 
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MATERIALS AND METHODS  
 
For the proposed model, at first it was necessary to experimentally determine the stresses, 
strains and temperature changes in the deformation zone during the stretching of samples. 
For this purpose, at the same time, during the static tensile testing on the Zwick 50 kN 
testing machine, the deformation of samples was recorded with an infrared and optical 
digital camera. The maximum stress values during the experiment were obtained from the 
diagram recorded by the static tensile testing machine. By a subsequent analysis of recorded 
deformations, using the methods of thermography and DIC, the values of temperature 
changes and strains were determined during the testing period. The maximum values of 
temperature changes and strains at the points of maximum stresses were determined. The 
arrangement of the measuring equipment as well as the deformation zone analyzed by the 
thermography and DIC methods are shown in Figure 1. 
 

 
 

Figure 1. The arrangement of the measuring equipment as well as the deformation zone 
analyzed by the thermography and DIC methods 

 
Tests were performed at two different testing speeds of 10 and 15 mm · min-1. The samples 
for static tensile testing were taken in the rolling direction from a 3 mm thick hot-rolled 
strip. Tests were performed on samples with rectangular cross-section, with gauge length of 
45 mm and gauge width of 20 mm. The chemical composition of the tested steel is given in 
Table 1. 
 

Table 1. Chemical composition of the tested steel, wt. % 

Element C Mn Si P S Al Nb N 

Micro-alloyed steel 0.12 0.78 0.18 0.011 0.018 0.02 0.048 0.008 

 
To formulate the model, it was necessary to determine the interdependence of the 
measured values using the MathCAD and OriginPro software packages. Data obtained from 
the thermography and Digital Image Correlation analysis, due to the high frequency of 
measurement, had a certain noise, which would present a problem during the modeling 
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process. Therefore, a certain smoothing of the measured values of measured strains and 
temperature changes was made before the modeling with the use of the Savitzky - Golay 
method within OriginPro, and the fourth-order polynomial function. Subsequently, the 
multiple linear regression analysis with the application programs was performed on adjusted 
values of measurement results.  
 

 

RESULTS AND DISCUSSION 
 
In the first step of formulating the model, the interdependence of measured values was 
studied. First, the influence of temperature change on the increase of strain during 
stretching of samples was determined. The analysis was performed at both used testing 
speeds. The results are shown in Figure 2. 
 
 

 

 
Figure 2. Dependence of temperature change on strain at different testing speeds  

 

The analysis of the influence of the increase in strains on the temperature change during the 
stretching of samples, made of 0.048% Nb microalloyed steel, shows that the increase in 
strain causes an increase of the temperature changes. From the obtained diagrams it is clear 
that the increase in temperature is linear in relation to the strains increase. Linear growth 
indicates a close association of strains and temperature changes. It is logical to conclude that 
a greater amount of deformation causes a greater temperature change.  
Linear growth was achieved at both used testing speeds. In the case of 15 mm · min-1, the 
temperature increase is higher than at the lower testing speed (10 mm · min-1). This 
indicates that the testing speed has an effect on the temperature change. It is expected that 
this increment will grow with a further increase in the testing speed, which should be 
explored in further research. 
However, the question is how the temperature change is influenced by the increase in 
stress. For this reason, this dependence was also examined. The obtained diagram of the 
dependence of the temperature change on the increase in stress is shown in Figure 3. 
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Figure 3. Dependence of the temperature change on the stress at different test speeds 
 
As can be seen in the above correlation diagram, the increase in stress has a significant 
effect on the temperature change. This functional relationship is represented by an 
exponential function. The influence of deformation velocity is in this case weaker, but is still 
present. 
From the analysis as well as previous investigations, it can be concluded that the measured 
temperature changes are closely related to the values of stresses and strains achieved during 
the tensile test. Accordingly, the following relation can be set: 
 

∆𝑇 = 𝑓(𝜎, 𝜀)                  (1) 
 

where: σ – stress, 
ε – strain (i.e. deformation). 

                  
Starting from this assumption, using the multiple linear regression analysis, the functional 
relationships between the temperature change on one side and the strain and stress on the 
other side, at both the test speeds, were determined separately. The following general 
function dependency was obtained: 
 

∆𝑇 = 𝑎 + 𝑏 ∙ 𝜀 + 𝑐 ∙ 𝜎               (2) 

 

From this function, we gain two separate functions for each testing speed: 
 

∆𝑇 = 1.6 + 140.2 ∙ 𝜀 − 0.0077 ∙ 𝜎                                   (3) 

 

∆𝑇 = 2 + 157.2 ∙ 𝜀 − 0.0104 ∙ 𝜎                                                       (4) 

 

Depending on the used testing speed, different parameter values of a, b, c were achieved, 
Table 2. 
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Table 2. Parameter values a, b and c at different testing speeds 
 

Testing speed (mm ·min-1) a b c 

10 1.6 140.2 -0.0077 

15 2 157.2 -0.0104 

 
By transformation of equation 4, it is possible to express the stress as the function of 
temperature change and achieved deformation:  
 

𝜎 =
∆𝑇− 𝑎+𝑏∙𝜀 

𝑐
                           (5) 

 
By entering the parameters assigned to each test speed, the following equations are 
achieved: 
 

 𝜎 =
∆𝑇− 1.6+140.2∙𝜀 

−0.0077
                        (6) 

 

𝜎 =
∆𝑇− 2+157.2∙𝜀 

−0.0104
                                                            (7) 

 
The mathematical model for the stress calculation formulated on the basis of the above 
achieved regression equations was validated and verified with the measured values of 
deformations and temperature changes. It has been achieved a good agreement between 
computed values by the developed model and the experimentally measured values of 
maximum stresses, for both of the used testing speeds. 
 
 
CONCLUSIONS 
 
By the experimental studies and analysis of obtained data on the adequate application 
programs it was established that there is interdependence between temperature changes, 
strains (i.e. deformations) and stresses in the deformation zone of the tested samples. 

Using multiple linear regression analysis, the functional relationships between the two 
independent (predictive) variables, the temperature changes and strains, and the dependent 
(criterion) variable – stresses, were determined. 

The mathematical model formulated on the basis of the achieved regression equations 
enables the calculation of stresses knowing the experimentally measured values of 
temperature changes and deformations in the deformation zone. Model was validated and 
verified by comparing the calculated and experimentally determined values. 
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