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METHODICAL APPROACH AND A CRITERION FOR THE EVALUATION OF  
THE SUSCEPTIBILITY OF PIPE STEEL TO CORROSION CRACKING  

L. І. Nyrkova,1,2  S. О. Osadchuk,1  А. О. Rybakov,1  and  S. L. Mel’nychuk1 

Specific features of the stress-corrosion fracture of specimens of Kh70 pipe steel are analyzed under the 
conditions simulating the influence of various combinations of stress-corrosion factors.  For the evalua-
tion of the susceptibility of steels to stress-corrosion cracking (SCC), we propose to use a dimensionless 
coefficient  Ks    equal to the ratio of the relative narrowing of the specimen in air to its relative narrow-
ing in a solution.  We introduce the following evaluation criterion:  steel is susceptible to SCC if the co-
efficient  Ks   is equal to or greater than 1.6. 

Keywords:  Kh70 pipe steel, criterion of susceptibility to stress-corrosion cracking, deformation at low 
rates, potentiometry, stress-corrosion cracking 

Introduction 

The use of underground pipelines is the most efficient and safest method for the long-distance transportation 
of oil and gas [1, 2].  For their protection, it is customary to use anticorrosion insulation and electrochemical 
protection but it is impossible to completely suppress the influence of the ambient medium [1, 3].  Thus, 
the phenomenon of stress-corrosion cracking (SCC) proves to be one of potential threats for their safe opera-
tion [2–5].  In the course of long-term operation under the indicated conditions, irreversible processes run in 
the metal even in the case where all technological requirements and conditions are satisfied.  This lowers the 
possibility of subsequent safe operation of the pipeline [6].  Stress corrosion cracking develops under the simul-
taneous action of mechanical stresses and the complex influence of the ambient medium and metallurgical fac-
tors [2].  

At present, extensive investigations of this phenomenon are carried out in different countries.  In particular, 
the influence of stresses, hydrogen, and their synergism on the dissolution of steel at the crack tip in media 
whose pH values are close to neutral was quantitatively evaluated in [7–13], the effect of cathodic polarization 
on the mechanism of SCC was analyzed in [14, 15], and a conceptual model for the description of SCC under 
the conditions of cathodic protection in solutions whose pH values are close to neutral was proposed in [16].  
The role of carbon dioxide and sulfate-reducing bacteria in the initiation of SCC was clarified in [17–19].  It was 
emphasized that there are no evident relationships between the failures of pipelines caused by SCC for the 
pH values close to neutral (or higher) and the chemical compositions or microstructures of the pipes [17].  At the 
same time, it was discovered [9] that, in solutions with almost neutral рН values, the pipes made of Kh70 steel 
with bainitic microstructure are highly susceptible to SCC, whereas the pipes made of Kh70 steel with ferritic 
matrix are weakly susceptible to SCC. 
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Fig. 1.  Schematic diagram of a specimen intended for slow strain-rate tensile tests. 

Under the laboratory conditions, the susceptibility of the metal to SCC is determined according to the re-
sults of the tests carried out under various conditions (U-bend, C-ring, bent beam, and slow strain-rate tensile 
tests) [20, 21].  These results make it possible to predict the susceptibility of this kind of steel to the analyzed 
type of corrosion in a given medium.  On the basis of the results of electrochemical investigations, it is possible 
to determine the mechanism of SCC [22, 23]. 

In what follows, we propose both a methodical approach and a criterion for the evaluation of the suscepti-
bility of pipe steels to SCC under the conditions of complex influence of various factors. 

Materials and Methods of Investigations 

We tested samples of Kh70 pipe steel of controlled rolling taken from pipes  1420 mm  in diameter with 
wall thicknesses of 15.7 and 17.5 mm after operation.  The chemical composition of steel was as follows (wt.%): 
0.095 C, 1.39 Mn, 0.255 Si, 0.005 S, 0.017 P, 0.032 Al, 0.04 Ni, 0.03 Mo, 0.004 Ti, 0.05 V, 0.027 Nb, 
and 0.04 Cr. 

The mechanical properties of the base metal are as follows: the yield strength varies within the range  498–
513 MPa (≥ 441 MPa  according to the requirements); the ultimate rupture strength is equal to  600–603 MPa 
(≥ 588 MPa according to the requirements);  the relative elongation is as large as 21.5–24.2% (the norm is 
≥ 20%), and the impact toughness of V-notched specimens  (KCV –15 )  constitutes  224–227 J/cm2   (the norm is 
≥ 78.4 J/cm2).  The ratio  σy /σu ,  which is also specified by the SNiP 2.05.06, varies within the range  0.83–
0.87 (≤ 0.9 according to the requirements).  The role of working solution is played by a model soil electro-
lyte (NS4 solution) with the following composition (g/liter):  0.037 KCl + 0.559 NaHCO3 + 0.008 CaCl2  + 
0.089 MgSO4 ; рН 8 [24]. 

The tests were performed at a small strain rate according to GOST 9.901-1.  Plane specimens (Fig. 1) were 
stretched in an AIМА-5-1 tensile testing machine at a rate of  10–6 sec–1  under corrosion potentials equal to  
–0.75, –1, and – 2 V (relative to a silver–silver-chloride reference electrode).    

The cross-sectional area of the working part of the specimens in the initial state was 9 mm2 .  The potential was
set and controlled by using a PI-50-1.1 potentiostat and a PR-8 programmer.  In the course of the tests, we meas-
ured the level of stresses, the elongation of the specimen  ΔL ,  and the time to fracture  τ .  After fracture, we de-
termined the cross-sectional areas of the specimens.

Results and Discussion 

For the investigation of the susceptibility of metal to corrosion cracking, it is customary to use the method of 
slow-strain-rate tests [e.g., (10–3–10–6 ) sec–1] under the simultaneous influence of corrosive media and induced 
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potentials [25].  For almost two days, the specimen undergoes either ductile fracture or cracking depending 
on the susceptibility of the metal.  After the tests, we record either the time to fracture of the specimens or, more 
often, the time prior to the initiation of the first crack.  However, it is sometimes difficult to detect the time of 
crack initiation.  Moreover, in this case, the cross-sectional area of specimens after the tests and the character 
of fracture, which are important characteristics of stress corrosion cracking, are not analyzed. 

The plasticity of the metal depends on the relative elongation and narrowing: the higher the values of the-
se characteristics, the greater the plasticity of the material.  For steel, the value of relative narrowing may vary 
from 40 to 65% [26].  In the solution, these values are definitely lower than in air.  Moreover, for various com-
binations of the corrosion factors, one may expect to get different types of fracture of the specimens, namely, 
ductile, ductile with brittle cleavage, or brittle.  

To evaluate the susceptibility of the material to SCC, the researchers use the coefficients of decrease in the 
ultimate strength, cross-sectional area, and elongation [24, 9, 16].  The susceptibility of pipe steel to SCC under 
the influence of various combinations of stress-corrosion factors was investigated in [27–30].  In what follows, 
by using the experimental results, we develop a methodology and propose a criterion for the evaluation of the 
susceptibility of pipe steel to SCC under the complex action of various factors. 

For this purpose, we use a dimensionless coefficient  Ks   that takes into account the variations of the plastic 
properties of the metal in corrosive media and in air.  This coefficient is determined as the ratio of the relative 
narrowing in air to the relative narrowing in the solution 

 Ks = Ψair
Ψsol

, (1) 

 Ψair = S0 − S1air

S0
⋅100%, (2) 

 Ψsol =
S0 − S1sol

S0
⋅100%, (3) 

where  Ψair   and  Ψsol   are the values of relative narrowing in air and in the solution, respectively,  S0   is the 
cross-sectional area of the specimens prior to testing, mm2 ,  and  S1air   and  S1sol   are, respectively, the cross-
sectional areas at the sites of fracture after testing in air and in a solution, mm2 . 

In analyzing possible values of the cross-sectional areas of the specimens after tests, it is possible to distin-
guish the following two limit states:   

 – if  S1sol → S1air ,  then  Ψsol → Ψair , Ks → 1, the process is accompanied by ductile fracture, and the 
susceptibility to SCC is low;    

 – if  S1sol → S0 ,  then  Ψsol → 0 ,  Ks → ∞,  the process is accompanied by brittle fracture, and the sus-
ceptibility to SCC is high.   

Thus, the values of the coefficient  Ks   may theoretically vary from 1 to infinity.  In practice, in order to predict 
possible ways of development of SCC, it is necessary to introduce its threshold value above which steel becomes 
susceptible to SCC under the analyzed conditions. 
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Fig. 2. Curves of corrosion-mechanical fracture of the specimens of Kh70 pipe steel for different combinations of stress-corrosion fac-
tors under testing conditions:  (1) in air;  (2) in the intact state with a layer of polymeric primer,  – 0.75 V;  periodic wetting by 
the solution;  (3) in the intact state without coating but with a local corrosion center;  (4) after cycling with a layer of an epoxy 
coating, – 1 V; periodic immersion into the solution;  (5) in the intact state without coating, – 1 V; periodic wetting by the solu-
tion, (6) after cycling without coating, – 2 V; complete immersion into the solution. 

In our tests, we modeled the action of various combinations of stress-corrosion factors: potentials, complete 
immersion into the solutions and periodic wetting, accumulated cyclic stresses, the presence of coatings with 
different transient resistances on the surface, and the presence of local corrosion centers.  Some specimens 
were subjected to cycling in the elastic region within the range of ultimate stresses  (0.4–0.8)σy   at a frequency 
of 10 Hz  for 105  cycles.  The other specimens were not treated (in what follows, they are called specimens 
in the intact state).  To accelerate the initiation of stress-corrosion cracks, we simulated a local corrosion center 
(LCC), i.e., prepared a V-notch whose depth varied from  0.25  to  0.3 mm  on one surface of the specimen.   

We analyzed the duration of the period of elevated levels of groundwater in the spring–autumn period on the 
territory of Ukraine and established the following periodicity of wetting in a cycle:  50 min in the solution, and 
10 min in air.  Since SCC occurs on cathodically protected pipelines, we studied specimens both with and without 
polymeric coatings.  It was shown that the difference between the curves of stress-corrosion fracture of steel is sig-
nificant (Fig. 2).  This is reflected in the properties of steel (see Table 1).  

In particular, in air, the specimens shrink near the site of fracture characterized by the ductile fracture sur-
face.  In the fracture curve, we detect a section of ductile plastic deformation.  The fracture curves plotted at 
a potential of  – 0.75 V  for a specimen with a layer of polymeric primer both under the conditions of periodic 
wetting by a solution (curve 2) and in air are similar but the time to fracture decreases and the cross-sectional area 
increases by about  5%.  The specimens with LCC placed in the solution and kept at the corrosion potential (curve 3) 
and in the intact state without coating subjected to periodic wetting by the solution at a potential of – 1 V (curve 5) 
failed directly under the maximum load, which was accompanied by the decrease in the cross-sectional area and in 
the coefficient  Ks   as compared with the same characteristics of fracture of the specimens in air.  A similar charac-
ter of fracture was also typical of a specimen without coating subjected to cycling in the solution under a potential 
of  – 2 V (curve 6) but with a noticeable decrease in the cross-sectional area and in the coefficient  Ks . 

By analyzing the appearance of specimens after fracture (Fig. 3), we can distinguish at least two groups 
characterized by fundamentally different types of their fracture surfaces.  Thus, specimens from the first group 
with numbers 2–7 underwent plastic deformation in the course of the tests, which led to formation of the so-
called “neck”; in this case, fracture was ductile and the coefficient  Ks   varied from 1.04 to 1.56.  

In the fracture surfaces of specimens 8–15, we visually detect a smaller fraction of plastic deformation cor-
responding to a decrease in the relative elongation, an increase in relative narrowing and, hence, an increase in 
the coefficient  Ks   up to 1.6–3.5.  
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Table 1 
Stress-Corrosion Properties of the Specimens of Kh-70 Pipe Steel in Air  
under the Action of Various Combinations of Stress-Corrosion Factors 

No. of the 
specimen 

Characteristics of specimens  
and testing conditions 

τdest ,  h S1,  mm2  Ψ ,  % Ks  

1 In air 19.5 3.97 56 – 

2 In the intact state with a layer of polymeric primer;  
– 0,75 V;  periodic wetting by the solution 15.5 4.17 54 1.04 

3 In the intact state without coating after preliminary  
cycling;  – 0.75 V;  periodic wetting by the solution 20 4.62 49 1.14 

4 In the intact state with a layer of epoxy coating;  
– 0.75 V;  periodic wetting by the solution. 20 4.62 48 1.17 

5 In the intact state, without coating but with a local  
corrosion center; under the corrosion potential 9 5.5 39 1.44 

6 After cycling, with a layer of epoxy coating;   
– 0.75 V;  periodic wetting by the solution 15 5.65 37 1.51 

7 In the intact state, with a layer of epoxy coating;  
– 1 V;  periodic immersion into the solution 17.5 5.74 36 1.56 

8 After cycling, with a layer of epoxy coating;  – 1 V;  
periodic immersion into the solution 16 5.82 35 1.6 

9 After cycling; without coating; – 1 V;   
complete immersion into the solution 17 5.94 34 1.65 

10 In the intact state with priming; – 1 V;   
periodic immersion into the solution 16 6,06 33 1.7 

11 After cycling; with a layer of polymeric primer;  
– 1 V;  periodic wetting by the solution 18 6.19 32 1.75 

12 In the intact state without coating;  – 1 V;   
periodic wetting by the solution 14.5 6.67 26 2.15 

13 After cycling; without coating; – 1 V;   
periodic wetting by the solution 16 6.62 26 2.15 

14 After cycling; without coating;  – 2 V;   
complete immersion into the solution 11 6.9 11 2.43 

15 In the intact state without coating;  – 2 V;   
complete immersion into the solution 14 7.55 16 3.5 



630 L. І. NYRKOVA,  S. О. OSADCHUK,  А. О. RYBAKOV,  AND  S. L. MEL’NYCHUK 

 

 

Fig. 3. Images of the fracture surfaces of the specimens of Kh70 pipe steel after stress-corrosion tests in air under different conditions 
(а) and their susceptibility to SCC (b).  Numbers 1–15 correspond to the numbers of specimens in Table 1. 

Thus, the analyzed steel is susceptible to SCC under the complex influence of different factors if the value 
of the coefficient  Ks   is not smaller than 1.6.  This criterion is used as basic in the procedure of investigation of 
the susceptibility of pipe steel to SCC by simulating the action of internal and external factors under the labora-
tory conditions [31]. 

CONCLUSIONS 

For the evaluation of the susceptibility of pipe steel to SCC under various conditions, we propose to use 
a dimensionless coefficient  Ks   equal to the ratio of the relative narrowing of a specimen in air to its relative 
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narrowing in a solution.  On the basis of the analysis of the array of experimental data, we propose to introduce 
the following criterion:  Steel is regarded as susceptible to SCC if the value of the coefficient  Ks   is not smaller 
than 1.6.  By using this criterion, it is possible to predict the susceptibility of pipe steel to SCC according to 
the data of laboratory investigations by simulating the action of various combinations of stress-corrosion factors.  
The test results form a basis of the “Procedure of investigation of the susceptibility of pipe steel to stress-corro-
sion cracking based on the simulation of internal and external factors under the laboratory conditions” [31]. 
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