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Abstract 

Development, manufacturing, and optimization of Oil Country Tubular Goods (OCTG) 

are strongly related to thermo-mechanical behavior of quenched and tempered pipe 

steels. Threaded pipe connections consist of a pipe end with external thread (pin) and 

coupling with the internal thread (box). They are manufactured on seamless pipes 

made of typical OCTG steel grades like P110. Introduced residual stresses in the 

threaded connections due to cold preforming process as well as tension/ compression 

and torsion make-up tests lead to material degradation of the pipe steel. The complex 

geometry of thread and difficult access to the thread surface make conventional 

methods for residual stress measurement impossible. In this study, in-situ 

measurement of the strain, the temperature and the electrical resistivity of steel P110 

during electro-mechanical coupled uniaxial tensile test was performed. The electro-

thermo-mechanical properties of the investigated material were determined using a 

Matlab® code. The presented experimental method could be used for the experimental 

in-situ measurement of local plastic strains in threaded connections under make- up 

tests. Inanition, the obtained results of this research such as electro-thermo-

mechanical properties of investigated pipe steel could be applied for material modelling 

of pipe steels.    
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1. Introduction  

Premium threaded connections show an extreme torque capability, an easy make-up, 

and an engineered for long laterals. Therefore, the need for these connections in oil 

and gas industries has increased. Also, development of Oil Country Tubular Goods 

(OCTG) leads to a tremendous use of quenched and tempered pipe steels. The OCTG 

pipes are applied in onshore and offshore oil and gas operations. These pipes can be 

divided depending on their use into drill pipe, casing and tubing. The tubing pipes 

(subjected in present research) are used to extract the oil and gas from the 

underground reservoir to the surface for further processing. The seamless P110 steel 

pipes are manufactured on cast billets using three forming steps cross roll piercer, 

push bench and stretch reducing mill. The high-strength seamless pipe must be 

produced by increasing the alloying content in combination with a suitable heat 

treatment such as quench/ tempering. These pipes show a high yield stress during the 

thermo-mechanical process. The tubing pipes are usually produced in 9 m segment 

and connected with a premium threaded connection (box) at both ends (pin). The 

mechanical strength of OCTG threaded pipes before service loading can be 

experimentally determined using make up tests. Therefore, a better understanding of 

elastic-plastic deformation of threaded coupled pipes due to make up torsion and cyclic 

tension/compression tests is an essential requirement. In recent years, the effect of 

material, thread geometry and loading conditions on the mechanical behaviour of 

premium connected pipes were experimentally and numerically investigated. The 

influence of initial ovalization of tube on the collapse strength of OCTG components 

under external hydrostatic pressure was numerically predicted [1, 2]. The results 

showed that the plastic deformation was accord in the inner face of the pipe before the 

pipe collapses. The collapse strength of tube depends significantly on both tube 

geometry and material behaviour [1, 2]. A new model was presented by Sun et al, 

which considers the effect of manufacturing imperfections such as ovality, eccentricity, 

and residual stress on the full wall yield and elastic collapse strength of OTCG products 

[3]. The accuracy of strength calculation based on Sun's model was higher compared 

to the standard methods of American Petroleum Institute (API) and International 

Organization for Standardization (ISO) [3]. The mechanical behaviour of high strength 

pipe steels of OCTG premium connections in sour service [4] and under cyclic plastic-

strain loads [5] have been demonstrated. The complicated geometriy of thread 

premium connections, the complex response of material to the large plastic 
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deformation and the requierment of high strength were aimed to approve a high-

strength low-alloy steel for OCTG components [6]. Yet in another study, the influences 

of microstructure, process parameters, and alloy elements on the mechanical 

properties of a pipe steel were characterized to optimize and develop better OCTG  

products [7]. The evaluation of strength safety using Johnson-Cook constitutive model 

[8], the mechanical strength using a non-linear material model [9] and localized plastic 

deformation [10] of OCTG thread connections and pipe steels were numerically 

predicted. Results showed that the plastic deformation occurred in pin due to 

compressive hoop stresses in the make-up test [9]. Quispe et al characterized the 

mechanical properties of pipe steel API X-60 in order to determine the contact stress 

and maximum tension under make-up torque, external pressure, and axial loads in 

threaded pipe connections [11]. Thermo-mechanical rolling treatments in macro/ micro 

scale were investigated to characterize the local and global mechanical behaviour and 

microstructure of seamless steel tubes [12, 13]. The effects of tubular expansion as a 

cold working process on the mechanical properties of the carbon pipe steels and 

martensitic stainless steels in the OCTG were experimentally determined [14]. The 

present study aims to in-situ measure the thermo-mechanical properties of OCTG pipe 

steel using a four-point method during plastic straining. The obtained results of 

presented research could be introduced for the in-situ residual stress measurement 

and numerical simulation of premium thread pipe in make-up tests.     

2. Theoretical background  

The mathematical relationship between the electrical resistance R (in Ohms), the 

specific resistance ρ (in Ohms. meter), the length L of sample (in meter) and the cross 

section A of substance (in square meter) in DC electrical circuit is well known and can 

be expressed based on Ohm’s law as following:  R = ρ LA       (1)        

The change of electrical resistance  ΔR and electrical resistivity Δρ due to generated 

heat during plastic deformation can be expressed as in equations 2-5:  Rthermal = R0 (1 + αΔT)   (2) ΔRthermal = R0 α ΔT          (3) 
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ρthermal = ρ0 (1 + αΔT)    (4) Δρthermal = ρ0 αΔT           (5) 

where 𝑅0, ρ0 , ΔT and α are resistance and resistivity at room temperature, the 

change in temperature and the temperature coefficient of resistance respectively.  The 

relationship between the electrical resistance, the specific resistance (resistivity) and 

the mechanical strain has been discussed in [15] in detail. Investigations of thermo-

mechanical behaviour of metallic materials under uniaxial tensile test showed, that a 

temperature reduction occurs in the elastic region and thermal energy is generated 

due to plastic deformation [16,17]. Equation 6-7 reveal the relationship between the 

plastic work 𝑊𝑝  and heat 𝑄𝑝 by the coefficient β as:        

                                                           𝛽 = 𝑄𝑝∫ 𝑑𝑊𝑝𝜀𝑝0             (6) 

                                                         𝑄𝑝 = 𝜓. 𝐶𝑝. ΔT         (7) 

where 𝜓, 𝜀𝑝 , 𝐶𝑝 refer to mass density, plastic strain and heat capacity respectively. 

The coefficient 𝛽 is dependent on plastic deformation and amount of pre-strain [18]. 

The above presented equations were implemented in a Matlab® program in order to 

determine the thermo-mechanical properties of investigated pipe steel during plastic 

deformation.     

3. Experimental procedure 

The electro-thermo-mechanical properties of P110 pipe steel for OCTG were 

measured by uniaxial tensile tests. Six planar tensile samples were prepared out of the 

investigated tube section. The outer diameter of the tube was 160 mm with a wall 

thickness of 23 mm. Three samples were randomly taken from position 0° and three 

samples from the opposite side 180° (Figure 1). The dimensions of uniaxial tensile 

samples were selected according to standard DIN EN ISO 6892-1 (thickness 5mm, 

gauge length 50mm, width 25mm). The samples and their position in the tube are 

shown in Figure 1.  
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Figure 1: Investigated uniaxial tensile specimens from P110 pipe steel  

A Zwick Z250 universal testing machine was equipped with specially developed four-

point method to in-situ measure the change of electrical resistance during plastic 

deformation. A Pt1000 sensor was used to in-situ measure the temperature of the 

sample during testing. More details regarding the experimental setup are explained in 

a previous study [15]. An overview on the test setup is shown in Figure 2.  
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Figure 2: Universal electro-mechanical coupled tensile testing machine  

The system for measuring the temperature coefficient of resistivity of investigated P110 

pipe steel is shown in Figure 3. The measurement system consists of a section of the 

investigated tube, applied high-current contacts, a current source, a current 

measurement device for 20 Ampere, a voltage measurement unit and three Pt1000- 

temperature sensors. Two temperature sensors were used to check the temperature 

equality over the specimen during the test and the third temperature sensor creates 

the temperature signal for the digital measurement system. The specimen was heated 

using a soldering iron up to a temperature of 80 °C. In order to extend the temperature 

of specimen to negative temperatures, the sample was cooled down to approximately 

–30 °C in a climate chamber. The sample was taken out of the climate chamber and 
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reconnected to the measurement system.  The measurement was started while the 

device still exhibits about -12 °C. The measurement system is illustrated in Figure 3.  

 

Figure 3: Investigated system for the measurement of temperature coefficient of resistivity  

The experimental measured temperature coefficient of resistivity for investigated pipe 

steel P110 in range of -10 °C to 65 °C can be considered in the results and discussion.   

4. Results and discussion 

The true stress-strain curve for 6 investigated specimens from uniaxial tensile test are 

illustrated up to a uniform plastic strain of 0.06 in Figure 4. The experimental results 

showed that all samples have a similar stress-strain curve. The average modulus of 

elasticity and yield strength of investigated OCTG- pipe steel were found to be 190 

GPa and 1030 MPa.  
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Figure 4: The true stress-strain curve for investigated pipe steel from uniaxial tensile test 

The temperature was in-situ measured in the middle of the samples during tensile 

tests. The temperature versus the true strain for the elastic-plastic deformation of all 

samples is shown in Figure 5.   
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Figure 5: The temperature- true strain curve for elastic- plastic deformation of investigated pipe 

steel from uniaxial tensile test 

The temperature in all samples decreased in the elastic zone and an increased during 

plastic deformation. The results are in agreement with results reported by Lipski et al 

[19]. The specific heat capacity of the investigated OCTG pipe steel was experimentally 

determined to a value of 0.5 kJ/°C and subsequently the density of the pipe steel was 

measured to be 7900 kg/m3. The average value of the temperature change, the plastic 

work per volume, the coefficient β, the relative resistance ΔR/R0 and the relative 

resistivity Δρ/ρ0 of samples up to 3% uniform plastic strain were obtained as 2.2 °C, 

30.01 MPa, 0.289, 0.1 and 0.01. These results are in agreement with results obtained 

by Choung et al [20] respectively. The thermo elastic-plastic characterization of OCTG 

pipe steel based on the strain–temperature measurement during the tensile test done 

in this study is well correlated with those reported by Lipski et al [19]. The results can 

be used for constitutive material modelling and numerical simulation of OCTG pipe 

connections. The electrical resistance of base material as a function of sample length 

L was experimentally measured. The results showed a linear relationship between L 

and electrical resistance, which satisfied the Ohm’s law (Figure 6). No difference was 

observed between the values of electrical resistance for investigated material for all 
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samples. Also, the initial electrical resistivity of the investigated pipe steel was 

experimentally measured using an electro-mechanical coupled four point method. The 

results showed that, all samples have an average value of resistivity about 0.25 µΩ.m. 

The temperature coefficient of resistance is known as a coefficient of a linear   

approximation of change in the electrical resistivity of a material upon an incremental 

change in temperature. The temperature coefficient of resistivity α for heated and 

cooled investigated pipe steel P110 was experimentally measured. The continuous 

cooling down of the heated sample from 65 °C to ambient temperature resulted a value 

of αheated =0.0038 °C-1 for the temperature coefficient of resistivity. For the continuously 

heating up of the cooled sample from -10 °C to room temperature in a value of αcooled 

=0.0027° C-1 was obtained. The linear approximated relationship between the electrical 

resistivity and the temperature during the heating and cooling processes can be 

observed in Figure 6. The difference between the temperature coefficients of resistivity 

in cooling down and heating up was observed about 0.0011. The preparation of sample 

in order to connect to measurement system, the metallurgical behaviour of investigated 

material, formation of a thin ice film, and the measurement errors could be the reasons 

for this difference. However, the obtained results were in good correlated with previous 

studies in the field of temperature coefficients of resistivity [21].           

 

Figure 6: The temperature coefficient of resistivity α for heated and cooled investigated sample 
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An increased temperature, the vibrations of the metal atoms in the lattice structure and 

these vibrations cause restriction of the movement of the delocalized electrons. This 

means that the resistivity of the metal increases during heating. An increase of relative 

resistivity Δρ/ρ0 about 1% was observed due to the 3% true uniform plastic strain. A 

linear increase of relative resistance ΔR/R0 with plastic true strain was experimentally 

observed. The illustrated results in Figure 7 show a good agreement with results 

presented by Dominguez [22].  

 

Figure 7: The relative electrical resistance of elastic-plastic strained investigated samples 

5. Conclusion 

An experimental in-situ measurement of electro-thermo-mechanical properties of 

quenched and tempered pipe steels was presented in this research. The true stress, 

electrical resistance, and the temperature change were experimentally determined as 

a function of plastic true strain. An increase of resistivity and temperature of the 

investigated pipe steel during plastic deformation were observed. The temperature 

coefficient of resistivity of investigated specimens was measured for heating up and 

cool down processes. The results showed a good agreement with published related 

research works. The easy application of investigated four point method to in-situ 

measurement of thermo- mechanical properties of material was demonstrated. The 

presented measurement method in this paper could be applied to investigate local 

elastic and plastic strains during make-up test of OCTG connection. The generated 

heat energy and plastic deformation in thread pipe connections during torsion and 
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tension make-up tests lead to change of electrical resistance and temperature of pin 

and box. Therefore, an extension and development of presented experimental method 

in this study could be possible using a matrix of Pt1000 sensors and a multi-channel 

measurement system. Also, the obtained experimentally thermo- mechanical 

properties of OCTG pipe steel can be used for material modelling and numerical 

simulation of make-up tests in finite elements programs and measurement of residual 

stresses in OCTG thread connections (Figure 8). 

Figure 8: Application of presented measurement results for residual stress measurement and 

numerical simulation of OCTG thread connection under mechanical loading  
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