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 This work is devoted to investigation of the heat source evolution during quasistatic tensile testing 

of titanium alloy ОТ4-0 specimens using a contact heat flux sensor and infrared thermography. The 

purpose of the study is to evaluate the possibility of using two different measurement (contact and non-

contact) methods to monitor the state of material by changing the heat source value registered on the 

specimen surface during deformation. The obvious advantages of infrared thermography are non-

contact temperature measurements of the material surface under various conditions and heat source 

field calculations. However this method has a number of limitations associated with the reflectivity of the 

tested material, noisy signal caused by external factors, heat transfer conditions between the specimen 

and environment, and accuracy of heat source calculations. These problems do not allow using infrared 

thermography under operating conditions in order to evaluate the energy state of materials and 

structures. The paper attempts to verify the heat source value arising during the elastic-plastic 

deformation of the material using infrared thermography data. For this purpose, a Seebeck effect heat 

flux sensor has been developed by the authors. Contact sensor and infrared thermography data give 

time dependence of the heat flux value arising during the elastic-plastic deformation of the material. The 

satisfactory agreement of the results shows that contact and non-contact measurements can be used 

either in combination (to verify the heat source value, its distribution over the material surface and heat 

exchange conditions for specimen and environment) or separately (as an express method to evaluate 

material conditions at different stages of loading). 
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Introduction 

 

Infrared thermography is a non-contact method of 

measuring the surface temperature of objects and is applied 

to monitor specimen temperature during mechanical tests 

[1] and to determine mechanical and thermodynamic 

characteristics of the material, such as fatigue limit [2, 3], 

critical deformation value for fast cracks [4], thermal 

diffusivity [5], etc. The main field of application of infrared 

thermography in Russia is a non-destructive testing [6].  

In the last two decades, infrared thermography has been 

actively used to detect occurrence and development of 

damages (cracks, pores and other heterogeneities) of the 

material and to examine the process of fatigue failure. 

Examination of material behavior under high-cycle fatigue 

conditions and predicting its endurance on the basis of infrared 

thermography data is described in [7, 8]. Williams and others 

[9] have shown the possibility of using infrared thermography 

data to forecast the fatigue life capability of welded joints. 

Based on infrared thermography data, a number of 

problems are solved which allows determining energy 

characteristics of the material, such as dissipation speed and 

energy storage during deformation [10-14]. Estimation of 

different energy values (e.g. plastic/ accumulated/dissipated 

energies) involved in the material deformation process plays 

an important role for several reasons. First, measurement of 

these values allows a deeper examination of the 

mechanisms of deformation and destruction. Second, the 

energy concept describes changes of the material internal 

energy and thus contributes to development and validation 

of models based on thermodynamics principles. Third, 

information on the evolution of various energy parameters 

can be used for identification of coefficients (e.g. the 

Taylor-Quinney coefficient), often used in numerical 

simulation of adiabatic processes for estimation of the 

amount of plastic work of deformation transformed into 

thermal energy [15]. 

The obvious advantages of infrared thermography are 

non-contact temperature measurements of the material 

surface under various conditions and heat source field 

calculations on the specimen surface. However this method 

has a number of limitations associated with the reflectivity 

of the tested material, noisy signal caused by external 

factors, heat transfer conditions between the specimen and 

environment, and accuracy of heat source calculations. 

These problems do not allow using infrared thermography 

under operating conditions in order to evaluate the energy 

state of materials and structures. The paper attempts to 

verify the heat source value arising during the elastic-plastic 

deformation of the material using infrared thermography 

data. For this purpose, a Seebeck effect heat flux sensor [16] 

has been developed by the authors.    

 

1. Materials and Conditions of the Experiment 
 

A series of titanium alloy ОТ4-0 specimens were tested. 

The geometry of the specimens complied with GOST 1497-84, 

sizes of the specimens are shown in Fig. 1. Table 1 gives the 

chemical composition of the specimens. 

 

 
Fig. 1. Specimen geometry. Unit: mm 

 

 

Table 1 

Chemical composition of titanium alloy ОТ4-0, % 

Ti: base, *: additives 

Chemical 

element 
AL Mn Zr* Si* Fe C* AL O2

* 

Requirements 

of OST1-

90013-81 
1.4 1.3 0.30 0.15 1.5 0.10 1.4 0.18 

Actual value 1.1 0.9 0.3 0.004 1.12 0.008 1.1 0.082 

Ti: base, *: additives 

Chemical 

element 
N2

* H2
* 

 of other 

elements 
Cr+Mn* Cu+Nr* 

Requirements 

of OST1-

90013-81 
0.05 0.015 0.30 0.15 0.10 

Actual value 0.012 0.003 0.022 – 0.020 

 

Specimen preparation was divided into two stages. 

First, the surface of specimens prepared for infrared 

recording was polished with abrasive paper (at the final 

stage of polishing the size of abrasive particles did not 

exceed 20 μm), and covered with a thin layer of amorphous 

carbon. The surface of specimens intended for mounting the 

contact heat flux sensor did not require additional 

preparation. Before testing, marks were attached to this 

surface to record movement during the mechanical test. 

Thermal paste was applied on the specimen surface under 

heat flux sensor to provide a good thermal contact. Fig. 2 

shows the scheme of the experimental assembly which 

includes electric mechanical testing machine Shimadzu AG-

X Plus (300 kN), contact heat flux sensor, IR camera FLIR 

SC5000, and video extensometer Shimadzu TRViewX240S. 

IR camera has the following features: spectral range of  

3-5 μm, maximum picture size of 320×256 pixels, spatial 

sensitivity of 10–4 m, minimum temperature measurement 

error of 25 mK at a specimen temperature of 300 K.  

To exclude the influence of internal sources and 

artifactual rereflections, the system was covered by a screen 

after placing the specimen in the test machine grips. IR data 

recording as well as recording of the heat flow sensor data 

mounted on the specimen were carried out continuously 

during the entire mechanical test. IR data recording 

frequency was 25 Hz.  
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Fig. 2. Scheme of the experimental assembly for energy balance 

analysis in materials under quasistatic tensile conditions:  

1 – specimen, 2 – contact heat flux sensor, 3 – video camera  

for recording marks displacement, 4 – IR camera, 5 – grips  

of the testing machine, 6 – marks for movement detection 

 

The contact heat flux sensor was pre-calibrated. The 

calibration function (1) shows the relationship between the 

potential difference U (B), arising due to the temperature 

difference between the two surfaces of Peltier elements, that 

the contact heat flux sensor consists of, and power of the 

heat flux in W. 

 0,006 0,0042.W U   (1) 

After adjustment of all the systems and shielding the 

assembly for each specimen, additional experiments were 

carried out to determine conditions of heat exchange 

between the specimen and the environment. These 

experiments involved registration of the temperature field of 

the specimen surface after its pulse point heating and 

constructing a cooling curve with the help of which heat 

exchange constant was calculated. After that, mechanical 

tests for quasistatic tensile of flat specimens were conducted 

with a simultaneous registration of temperature field of the 

specimen surface (IR data recording), heat flux (contact 

sensor) and movement of the specimen working area (video 

extensometer). The speed of grip movements varied and 

was 5 and 10 mm/min during different tests, which 

corresponded to the following rates of deformation: 7.7∙10–4 s–1 

and 15∙10–4 s–1. Fig. 3 shows a typical specimen deforma-

tion diagram based on the video extensometer data. 

 

 
 

Fig. 3. Typical deformation diagram for titanium alloy ОТ4-0 

2. Estimation of the Heat Sources Field Based  

on the Heat Conductivity Equation  

 

Heat sources field calculation based on the infrared 

thermography data was carried out using the heat 

conductivity equation (2).  

( , , , )
( , , , )

T x y z t
c Q x y z t

t


  


 

2 2 2

2 2 2

( , , , ) ( , , , ) ( , , , )
,

T x y z t T x y z t T x y z t
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x y z

   
   

   
  (2) 

where T (x, y, z, t) defines temperature field, ρ is material 

density, c is heat capacity, k is heat conductivity, Q (x, y, z, t) 

is the heat sources field, x, y, z are coordinates, t is time. 

Infrared thermography allows to record temperature 

field of the specimen surface. It is not possible to control the 

temperature distribution through the specimen thickness 

with this method, therefore, rather thin specimens are used 

in the experimental tests, and it is assumed that in this case 

the temperature distribution through the specimen thickness 

is homogeneous [17, 18]. 

Equation (2) averaged on volume basis is used for 

estimation of integral power of the heat source. A typical 

averaging procedure was conducted.  The difference θ´(t) 

between the specimen temperature averaged on volume 

basis and the initial temperature of T0 specimen in the 

thermal balance with the environment is defined as in 

equation (3). 
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       (3) 

where T0 stands for the initial temperature of the specimen 

in the thermal balance with the environment, a, b, h is 

length, width and thickness of the specimen, respectively,  

V is volume. 

The boundary conditions are expressed as follows: 
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where gx means the heat exchange coefficient between  

the specimen and the environment on the corresponding 

edge of the specimen. The boundary conditions in two other 

directions are similar except for the coefficients gi,  

i = {x, y, z}. 

By integrating the volume equation (2) considering the 

formula (3) and the boundary conditions (4), we shall obtain 

the heat conductivity equation averaged on volume basis to 

calculate the heat sources power field: 

  0
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where θ is the average temperature of the examined surface, 

T0 is the initial temperature of the examined surface in 

thermal balance with the environment, m is the mass of the 

area where the average temperature is taken from (the 

density of the titanium alloy ОТ4-0  is 4457 kg/m3  

[19, 20]), c is the specific heat (for OT4-0 456 J/(kg∙K)  

[19, 20]), S(t) is the heat sources field (W), β is the  

material parameter that determines heat losses, associated 

with the heat exchange with the environment. The 

parameter β is determined by the experiment data based on 

the tests related to the specimen cooling after pulse point 

heating. 

 

3. Experimental Determination  

of Heat Exchange Constants Between  

the Specimen and the Environment 
 

To calculate the heat sources field with the equation (5) 

for the experimentally obtained temperature field, it is 

necessary to determine β parameter, which defines heat 

losses during interaction of the specimen with the 

environment. For this purpose additional experiments on the 

specimen cooling after pulse point heating were conducted. 

Fig. 4 shows a typical IR image made during pulse point 

heating of the specimen and experimental data of the 

average temperature of the heating area. 
 

 
 

Fig. 4. Typical IR image of the specimen during pulse point 

heating and heating area average temperature vs time curve 

 

The specimen cooling after pulse point heating can be 

described by the averaged thermal conductivity equation (5) 

with zero source strength: 

  0

( )
0 ( ) .

t
mc V t T

t


   


 (6) 

Solution of this equation is the following function: 

 1 2θ( ) ,
t

ct C e C



   (7) 

where C1 and C2 are constants, ρ is the density. 

To calculate the constant β, it is necessary to 

approximate the experimental data of the average specimen 

temperature after pulse point heating. As an approximating 

function, we shall choose the following one: 

 ( ) .Bxy x Ae C   (8) 

In order to find the parameter of heat exchange between 

the specimen and the environment, only linear in semi-

logarithmic coordinates part of the curve of the specimen 

cooling after pulse point heating (green line in Fig. 5) is 

approximated, this is the part that corresponds to the 

exponential dependence of temperature on time (7). 

The parameter β depends on the environmental 

conditions and is not a constant value for this material; 

therefore it must be determined directly before mechanical 

tests. Table 2 shows the typical data obtained for one of the 

tested specimens: product of density and thermal 

conductivity taken from the reference data [19, 20], 

experimentally obtained value of the exponent B from the 

equation (8) and parameter β calculated based on these 

values.  

 

Table 2 

Result of approximation of the specimen cooling curve 

Test 

No. 

Product of density and thermal 

conductivity ρc, J/(m3K) 

Exponent  

degree in the 

approximation B 
 

1 2.04∙106 0.0080 1.632∙104 

2 2.04∙106 0.0061 1.239∙104 

3 2.04∙106 0.0065 1.331∙104 

Average value 1.4∙104 

 

As a result, based on the above procedure an 

experiment on the specimen cooling after pulse point 

heating was performed and the values of the parameter β for 

each specimen before its deformation were calculated. 
 

 

Test 1: 
0.0080T 0.27e 22.51   

Test 2: 
0.0061T 0.3e 22.59   

Test 3: 
0.0065T 0.29e 22.6   

 

 

Fig. 5. Approximation of the part curve of the specimen cooling after pulse point heating 
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4. Experimental Determination  

of the Integral Heat Source Value Based  

on the Infrared Thermography Data  

 

Fig. 6 shows the typical IR image of the specimen 

surface at the final stage of deformation before destruction 

and experimental dependence of the average temperature of 

the selected area on the mechanical test duration. At the 

beginning the average surface temperature of the specimen 

drops due to the thermoelastic effect, then the thermoplastic 

effect prevails, and the average temperature of the specimen 

starts to increase up until the moment of necking and 

complete destruction.  

Dependence of the heat source field on time was 

defined with the formula (5) based on the change of the 

specimen temperature during the mechanical test and 

experimentally obtained value of the parameter β.  
 

 
 

Fig. 6. Typical IR image of the specimen  under quasistatic  tensile 

conditions before destruction and heating area average temperature 

vs time curve 

 

Based on data given in Table 2, fluctuations of the 

parameter β are about 30 %. Fig. 7 shows a characteristic 

change of the heat source field over time and the confidence 

interval. At the beginning of loading (0-70 s) fluctuations of 

the parameter β almost did not influence the value of the 

heat source field. The influence of the parameter β becomes 

significant from the 70-th second. During this period of the 

time maximum value of the standard deviation of the heat 

source field (calculated at an average value of β) is 0.27. 

 
Fig. 7. Value of the heat source field calculated using the infrared 

thermography data at the average value of β and the confidence 

interval 

Fig. 8 and 9 show the dependence of the average 

temperature of the specimen surface, calculated heat sources 

field and applied load on time for two strain rates: 7.7∙10–4 

and 15∙10–4 s–1.  
 

  
                          а                                              b 

 

 
с 

Fig. 8: a – typical dependence of the average temperature on time 

under quasistatic tensile conditions; b – corresponding dependence 

of integral quantity of the heat source field on time based on the 

infrared thermography data; c – load diagram. Strain    rate            of  7.7∙10–4 s–1  

 

   
                          a                                               b 

                
 

 

 

 

Fig. 9: a – atypical dependence of the average temperature on time 

under quasistatic tensile conditions; b – the corresponding 

dependence of the integral quantity of the heat source field on time 

based on  the  infrared thermography data; c – load diagram. Strain 

rate is 15∙10–4 s–1 

 

According to the defined dependences the heat flux 

becomes almost constant between 40 s and 250 s at a strain 

rate of 7.7∙10–4 and between 25 s and 120 s at a strain rate of 

15∙10–4. At this point one can see a yield line and a mild softe-

ning on the load diagram. By the time of necking the heat flux 

increases abruptly, which indicates the material destruction. 
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5. Results Comparison and Conclusions  

 

The heat flux sensor was continuously recording values 

of the heat source field in the specimen area where it was 

mounted. Such a possibility to record the integrated flux is 

one of the advantages of the developed sensor, which allows 

monitoring the energy state of the material in situ. Fig. 10 

shows typical diagrams of the heat source field change 

during mechanical tests at different strain rates. These 

diagrams are drawn with the heat flux sensor using infrared 

thermography data (non-contact method of temperature 

recording). 

  

 
 

a 
 

 
 

 

 

 

 

 

b 

 

Fig. 10. Infrared thermography data vs heat flux sensor data:  

a – strain rate of 7.7∙10–4 s–1, b – strain rate of 15∙10–4 s–1 

 

Infrared thermography shows higher sensitivity to heat 

flux changes, than the contact measurement method, but 

requires a considerable amount of time for data processing, 

considering the conditions of heat exchange and 

determination of the parameter β, and calculating the heat 

source field using the difference scheme of equation (5). On 

the other hand, when a contact sensor records continuously 

the integral quantity of the heat flux, it does not allow 

estimating the space distribution of sources and monitoring 

the location of the material plastic deformation. The non-

complete correspondence of the heat flux data of the two 

methods can be explained by different sensitivities of the 

devices, errors of numerical processing of the infrared 

thermography data and determination of the heat  

exchange parameter between the specimen and the 

environment. The issue of thermal inertia of the contact 

sensor is still open. The article [21] provides information  

on the sensor values accuracy at a changing heat flux caused 

by a low power source. For high heat flux values the sensor 

inertia should be more noticeable and last for several 

seconds. This problem requires further research and  

creation of additional algorithms for data processing.  

However the obtained results show that contact and  

non-contact measurements can be used either in a 

combination (to verify the heat source value, its distribution 

over the material surface and heat exchange conditions for 

specimen and environment) or separately (as an express 

method to evaluate material conditions at different stages of 

loading). 

 

The project is developed with the financial support  

of the Russian Foundation for Basic Research (Grant  

No. 16-51-48003 and 14-01-00122). 
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