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Abstract: The paper presents results of research aimed at comparing selected properties of two types of pipe steels, conventional 17G1S-U 

steel and alternative S960QL steel. The steels were compared in terms of their chemical composition, microstructure, hardness and 

corrosion resistance. Static electrochemical corrosion tests were performed on the materials, namely electrochemical impedance 

spectroscopy (PEIS) and linear polarization (LP) in two electrolytes. The results show different chemical composition and microstructure of 

materials. 17G1S-U steel has a row-like ferritic-pearlitic structure with a hardness of 200 HV 0.1. S960QL steel has a martensitic structure 

with a hardness of 353 HV 0.1. Steels showed very close corrosion rate in both electrolytes. 
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1. Introduction 

Worldwide oil and gas consumption is increasing, resulting in 

the construction of new piping systems. High-strength steels are 

used to build new oil and gas pipelines. In order to reduce the cost 

of pipeline construction, great emphasis is placed on construction 

and material selection. Therefore, the wall thickness of the pipeline 

is reduced, resulting in a reduction of the economic cost during 

pipeline building. Over time, however, installed pipes may be 

attacked by external or internal corrosion processes. These 

processes can take place in above-ground parts, where degradation 

identification is easier. The problem arises in parts that are placed in 

soil, where acts also biological corrosion by soil microorganisms 

[1,2]. It is therefore important to monitor residual lifespan of pipe 

steels by both static and dynamic corrosion tests. The corrosion 

properties of materials under simulated laboratory conditions 

depend on the working procedures and the composition of the test 

solutions. Therefore, stable conditions (temperature, solution 

composition, electrode condition) and repeatability of the tests must 

be ensured. 

The paper deals with testing of two materials - traditional 

pipeline steel of 17G1S-U and its potential replacement of S960QL 

in terms of their chemical composition, microstructure, hardness 

and corrosion properties. Static electrochemical corrosion tests such 

as electrochemical impedance spectroscopy (PEIS) and linear 

polarization (LP) in two test solutions were performed on the 

materials [3]. 

2. Materials and methods 

2.1 Materials 

The first type of material: 17G1S-U steel (YS 365-490 MPa) is 

used in industry for the production of welded structures, pipes, gas 

pipeline components operating under pressure at temperatures from 

-40°C to +478°C, at operating pressure up to 2.2 MPa. Pipes 

carrying non-corrosive gas are most commonly spirally welded. 

Such pipes are designed to operate under a pressure of up to 

7.4 MPa with an external anti-corrosion coating. 

The second type of material: S960QL steel (YSmin 960MPa) is 

high strength structural steel in hardened and tempered state, which 

ensures high strength and good abrasion resistance. Because of 

these properties, this steel is used in transport and mining industries 

where excessive load and excessive abrasion damage are common. 

2.2 Chemical composition of materials 

To determine the exact chemical composition of both steels, the 

Belec Compact Port - portable hybrid spectrometer was used. The 

measurement was performed after appropriate surface cleaning 

three times on each sample. 

2.3 Metallographic analysis of materials 

Metallographic sections with dimensions of 25×25×15 mm 

were made to determine the microstructure as well as hardness of 

materials. The samples were first degreased in acetone and then 

purified ultrasonically in distilled water for 10 min. Sample 

grinding was performed on wet sand papers with grit size of #200, 

400, 600, 800 and 1200. The samples were etched in Nital etching 

agent. Optical microscope Keyence VHX-5000 was used to observe 

the microstructure. 

2.4 Measurement of hardness 

The microhardness of the materials was determined by the 

Vickers hardness test using microhardness tester Shimadzu HMV2. 

The test load was 0.9807 N (HV 0.1), the dwell time was 15s. The 

spacing between individual indentations was 1mm. Ten 

measurements were performed on each material to determine the 

average hardness. 

2.5 Measurement of corrosion characteristics of materials 

The tests were performed on test samples with dimensions of 

25×25×15 mm. The samples were prepared by grinding on a set of 

sandpapers with a grit size of #200, 400, 600, 800 and 1200, 

followed by rinsing in ethanol and drying with warm air. 

When choosing a suitable solution we used the knowledge from 

the paper [4] and we chose the solution NS4, which is suitable for 

measurements on pipelines located in the soil. The composition of 

the solution per litre was as follow: 483 mg NaHCO3, 122 mg KCl, 

137 mg CaCl and 131 mg MgSO4. The reference solution in the 

experiment was chosen 3.5% NaCl solution. 

The experiment was performed using a 3-electrode connection 

in a corrosion cell, Fig. 1. As the working electrode a sample was 

connected, the auxiliary electrode was a platinum electrode, the 

reference electrode was a saturated calomel electrode (SCE). The 

measurement was performed using BioLogic SP-150 instrument at 

22°C and processed with EC-Lab v11.27software.  

 

Fig. 1 Three-electrode connection (1-sample, 2-SCE, 3-platinum electrode) 

The measurement was performed on a surface area of 

0.636 cm2. Each measurement started with measurement of 

potential over time (EVT) for 30 min followed by potentiostatic 
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electrochemical impedance spectroscopy (PEIS). The range of 

measured frequencies was from 10 mHz to 20 kHz and the 

frequency distribution was 10 points per decade. The last part of the 

experiment was the linear polarization (LP) method. The potential 

range was set from -0.25 V to +0.25 V [1]. 

For processing the PEIS measurement, Bode imaging of the 

impedance Z versus frequency and phase angle versus frequency 

was used, Fig. 2. The measurement evaluation was based on the 

relationship at very low frequencies (1), 

Z = Rs + Rp                                      (1) 

and also at very high frequencies (2), 

Z = Rs                                                   (2) 

where Z means impedance, Rs is resistance of solution (electrolyt) 

and Rp is polarisation resistance of material measured. 

 

Fig. 2  Bode impedance diagram 

The aim of this measurement is to determine the polarization 

resistance Rp, which corresponds to the resistance of the measured 

material. High polarization resistance means high corrosion 

resistance of the material. 

Imaging in Tafel coordinates was used to process the LP 

measurement, Fig. 3. The tangent lines βc and βa were put over 

strongly linear parts of curves. The shift from Ecorr to the anodic 

and cathodic part of the curve was approximately 100mV. 

 

Fig. 3 Tafel plot  

The aim of this measurement is to determine the corrosion rate 

rcorr of the material based on the corrosion potential Ecorr and the 

corrosion current density Icorr. 

3. Results and discussion 

3.1 Chemical composition of materials 

Two types of materials were chosen for the study of 

electrochemical properties of pipeline steels, their chemical 

composition declared by producer and determined by Belec 

spectrometer is given in Table 1. 

 

Table 1 Chemical composition of materials, wt. % 

elements [%] 

material 

measured declared 

17G1S-U S960QL 17G1S-U S960QL 

Fe 98.04 98.24 bal. bal. 

C 0.163 0.114 0.15-0.20 max. 0.20 

Si 0.355 0.366 0.40-0.60 max. 0.50 

Mn 1.026 0.945 1.15-1.55 max. 1.60 

P 0.007 0.015 max 0.03 max. 0.02 

S 0.011 0.011 max. 0.035 max. 0.01 

Cu 0.099 0.045 max 0.30 max. 0.50 

Al 0.068 0.051 --- --- 

Cr 0.043 0.032 max 0.30 max. 0.80 

Mo 0.044 0.041 --- max. 0.70 

Ni 0.052 0.051 max 0.30 max. 2.00 

V 0.009 0.009 max 0.12 max. 0.10 

Ti <0.002 <0.002 --- 0.05 

Nb 0.015 0.015 --- 0.06 

Co 0.039 0.037 --- --- 

 

The measured chemical element contents of both steels are 

within the limits specified by the manufacturer. The content of 

elements, determined analytically, was used in the calculation of the 

carbon equivalent, according to the formula (3): 

𝐶𝑒𝑘𝑣 = 𝐶 +
𝑀𝑛

6
+

𝐶𝑟+𝑀𝑜+𝑉

5
+

𝐶𝑢+𝑁𝑖

15
  (3) 

Carbon equivalent of 17G1S-U steel determined by calculation 

according formula (3) equals to 0.363, and for S960QL steel equals 

to 0.294. In terms of weldability, they are therefore materials with 

good weldability. 

3.2 Metallographic analysis of materials 

The microstructure of the materials is shown in Fig. 4. 

Metallographic study proved row-like ferritic-pearlitic structure in 

17G1S-U steel, and martensite structure in S960QL steel. The weak 

point of ferritic-pearlitic microstructure of 17G1S-U steel is the 

arrangement of pearlitic grains in rows, which can cause 

delamination damage during welding and subsequent stresses, 

especially in the direction perpendicular to the lines. The problem 

of 17G1S-U steel delamination was addressed by Shapoval [5] in 

1984. In contrast, the martensitic structure of the S960QL steel is 

homogeneous, with no apparent directionality. 

 

a) microstructure of 17G1S-U steel 
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b) microstructure of S960QL steel 

Fig. 4 The microstructure of analysed materials 

3.3 Hardness of materials 

The hardness of 17G1S-U steel was 202 ± 11 HV 0.1 and for 

S960QL steel hardness was 353 ± 8 HV 0.1. The higher hardness of 

S960QL steel is a natural consequence of its martensitic structure. 

For martensitic structures, however, it is important to ensure the 

minimum required impact toughness of the material, especially 

under low operating conditions of the gas pipeline, which 

corresponds to the winter season in the given climate zone [6]. 

3.4 Corrosion characteristics of materials 

The open circuit potential (OCP) of steels became stabilized after 

approximately 15 minutes of immersion in the measuring solution. 

The resulting OCPs can be found in Table 2. In 3.5% NaCl solution, 

S960QL steel had about 0.03V more negative OCP compared to 

17G1S-U steel. In NS4 solution situation changed, 17G1S-U steel 

had about 0.08V more negative potential compared to S960QL 

steel. A more negative potential indicates less material nobility.  

Corrosion potential can shows corrosion tendency but not corrosion 

rate. Corrosion current is a kinetic value and potential is 

thermodynamic value. Corrosion rate is proportional to corrosion 

current (corrosion current density). Corrosion current will be 

measured by LP method. 

Table 1 Open circuit potential of materials 

solution 
material 

17G1S-U S960QL 

3.5% NaCl -0.59±0.01 V -0.62±0.01 V 

NS4 -0.69±0.04 V -0.61±0.03 V 

The results of the PEIS measurement were depicted by Bode 

Impedance diagram, Fig. 5 and Fig. 6.  

Results of polarization resistance Rp in NS4 solution for 

17G1S-U steel varied between 1253 and 1314 Ohm and for 

S960QL steel between 1213 and 1849 Ohm. 

The polarization resistance Rp of 17G1S-U steel measured in 

3.5% NaCl solution varied between 1387 and 1555 Ohm. For 

S960QL steel, the polarization resistance varied between 1030 and 

1474 Ohm. 

The Tafel curves measured in the NS4 solution are shown in 

Fig. 7 and in 3.5% NaCl solution in Fig. 8. The resulting processing 

of all measurements using Tafel curves is shown in Table 3. 

 

 

Fig. 5 Average measured curves obtained by PEIS in NS4 solution 

 

Fig. 6 Average measured curves obtained by PEIS in 3.5% NaCl solution 

 

 

Fig. 7 Average measured curves obtained by LP in NS4 solution 
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Fig. 8 Average measured curves obtained by LP in 3.5% NaCl solution 

 

In NS4 solution, material 17G1S-U had a more negative 

corrosion potential Ecorr compared to S960QL material. However, 

the corrosion current density Icorr, describing the kinetics of the 

corrosion process at steady conditions, differs minimally for both 

materials. In 3.5% NaCl solution, material S960QL had a more 

negative corrosion potential Ecorr than material 17G1S-U. But the 

corrosion current density Icorr was again almost the same for both 

materials. The corrosion rate rcorr calculated from Tafel curves in 

NS4 solution reached values 0.406-0.442 mmpy for 17G1S-U 

material and for S960QL material corrosion rate rcorr varied between 

0.417-0.460 mmpy. Corrosion rate rcorr identified in 3.5% NaCl 

solution reached values 0.502-0.526 mmpy for 17G1S-U and 0.509-

0.573 mmpy for S960QL. In terms of the achieved corrosion current 

densities Icorr and corrosion rates rcorr, the 3.5% NaCl solution 

appears to be more aggressive than the NS4 solution, simulating 

more closely soil conditions. 

Table 2 Results obtained by linear polarization of materials 

solution NS4 

material 17G1S-U S960QL 

Ecorr [mV] -698 ± 12 -651 ± 22 

Icorr [uA] 12 ± 0.6 12 ± 0.6 

rcorr [mmpy] 0.42 ± 0.02 0.44 ± 0.02 

βc [mV] 654 ± 70 497 ± 139 

βa [mV] 81 ± 9 74 ± 4 

   

solution 3.5% NaCl 

material 17G1S-U S960QL 

Ecorr [mV] -544 ± 23 -588 ± 51 

Icorr [uA] 14 ± 0.8 15 ± 0.9 

rcorr [mmpy] 0.51 ± 0.01 0.54 ± 0.03 

βc [mV] 472 ± 42 727 ± 65 

βa [mV] 204 ± 3 204 ± 7 

 

4. Conclusion 

The problem of corrosion of gas pipelines is much more 

complicated, the environments in which they operate have a great 

influence on their service life. Therefore, it is necessary to know the 

properties of the material in particular environment. The experiment 

was focused on pipes located in a soil, where selected materials 

(17G1S-U and S960QL) were tested in two solutions (NS4 and 

3.5% NaCl). 

 

Measurement of two types of pipe steels revealed following: 

a) The materials have different microstructures. The type of 

microstructure is reflected in the basic properties of steels, 

hardness and abrasion resistance (although later has not 

been analyzed in the paper). 

b) Measurement of the polarization resistance showed 

minimal differences in Rp values for both solutions. 

c) Icorr and rcorr values, which describe the kinetics of the 

corrosion process, have very close values, taking into 

account the standard deviation of repeated measurements. 

Based on the experiments carried out, it can be concluded that 

the S960QL steel can serve as a potential equivalent to traditional 

17G1S-U pipeline steel in terms of its corrosion characteristics. For 

a comprehensive assessment of its resistance, it is necessary to take 

into account other important properties - mechanical properties and 

resistance to brittle fracture.  
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