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INTRODUCTION 

A transit system, represented mainly by the system of 
extremely high-pressure and high-pressure gas 
pipelines, includes besides main lines also converted 
gas lines. These gas lines have been often subjected 
to conversion from original transport of lighting 
gas. Expossure in lighting gas, i.e. in very aggressive 
environment characterized namely by a content of 
sulphane, represents a considerable danger for future 
operation of these gas lines. This is caused by the 
degradation due to corrosion processes that can 
consequently occur on the inside surface of tubes. 
Experiences obtained during providing rehabilitation on 
operating high-pressure or medium-pressure gas lines of 
the current distribution system have only confirmed 
these presumptions. Due to the superposition of the 
influence of corrosion processes and presure tests, the 
pipe line materials are destroyed very often. 

Internal corrosion connected with potential danger of 
increased corrosion exposition by exploited medium 
due to the change of gas composition is related to the 
system of natural gas storage in ~lnderground gas 
reservoirs. The gas pressed down to converged deposits 
is, as a result of conditions and geochemical processes 
in the deposit - i.e. contamination by deposit water, 
technological interventions connected with building and 
repairing of individual probes during exploitation, 
"enriched" in components which cause, together with 
exploited aqueous condensate, increased corrosivity of 
this medium. Namely the presence of chlorides, or also 
sulphane - often of a microbiological origin, brings the 
possibility of increased corrosivity of the exploited gas. 

Under certain conditions, there can even occur 
corrosion processes that result in degradation of 
materials by stress corrosion cracking. 

Basic principles 
of the corrosion impact of natural gas 
containing corrosive components 

Stress corrosion cracking represents the most 
dangerous phenomenon connected with the influence of 
aggressive components (most of all sulphane and 
chlorides) in natural gas. Stress corrosion cracking is 
conditioned namely by physicochemical parameters 
of aqueous condensate carried away by the transpor- 
ted medium. Corrosivity of the condensate is consi- 
derably influenced by the pH value and by components 
(besides H2S and C1- also CO,, organic acids, 
mercaptans, hydrogencarbonates, etc.) that can in- 
fluence the pH value or take part in depolarization 
reactions. 

Stress corrosion cracking is a complex phenomenon that 
includes metallurgical, mechanical and chemical 
factors, and is controlled by a series of very complex 
mechanisms. Deep cracks or systems of cracks that can 
in some time and under certain conditions cause 
disturbance or fracture of material, respectively, 
represent a considerable feature of this type of 
corrosion. Usually, it is a system of approximately 
parallel cracks that are oriented perpendicularly to 
resulting tensile stress of external load and residual 
stresses. Towards the depth of the body stress corrosion 
cracks are branching, showing usually a "tree" 
characteristics. 
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The following factors are the basic premises for stress mainly intergranularly, i.e. along grain boundaries and 
corrosion cracking to occur: among "weak" areas of the structure. 

a) sensitivity of metal to stress corrosion cracking, 
which holds practically for all current construc- 
tional materials, of course with different suscepti- 
bility; 

b) corrosivity of exposing environment; 
c) presence of mechanical stress due to external 

forces or due to own internal stress. 

Electrochemical processes determined by anodic areas 
at the boundary of grains, by the change of material 
structure due to mechanical stress, by the appearance of 
anodic areas during plastic deformation or by 
breakdown of protective layers participate considerably 
in the mechanism of stress corrosion cracking. A very 
dangerous type of stress corrosion cracking occurs due 
to the effect of hydrogen or sulphane. Cracking in the 
interaction with sulphane environment, called Sulphide 
Stress Corrosion Cracking (SSCC), represents the type 
of a special relevance. 

In the environment of corrosive natural gas, anions (Cl-, 
HS- or S,0,2-) represent activating agents and in 
superposition with these components namely sulphane 
participates in stress corrosion cracking. 

Materials that can be passivated, e.g. stainless steels, 
show under certain conditions in interaction with the 
mentioned corrosive environment considerable sensiti- 
vity to corrosion cracking that is initiated particularly 
by a local breakdown of passivity. The course of stress 
corrosion cracking involves a period of incubation, 
appearance of cracks and consequent sudden break of 
the section in the area of the most developed, so called 
initiation, crack. This crack can occur along boundaries 
of grains, i.e. as an intergranular fracture, but if, howe- 
ver, the trajectory of the fracture is passing through 
grains of the material, we speak about a transgranular 
fracture. 

The model of the crack development process is based on 
the idea of primary development of a passivation 
protective layer on side surfaces of the crack. Due to a 
localized plastic flow, the passivation layer in the 
vicinity of the crack front is impaired, which leads to 
the rise of an electrochemical cell. It is formed 
between the exposed metal surface at the crack front 
functioning as an anode, and the intact protective 
passivation layer functioning as an cathode. The expo- 
sed metal is subjected to quick anodic dissolution, 
which causes the shift of the crack front and the enlarge- 
ment of its depth. The rate of anodic dissolution and of 
corresponding increase of the crack penetration into 
material depends partly on the repassivation rate, i.e. on 
the rate of the new passivation layer development. 

Cracks are usually fine, complex geometries depending 
on the properties of the material structure. They spread 

In case of gas pipelines when the crack penetrates from 
the outside surface of a pipe, the escape of the gas will 
occur, accompanied with its expansion that leads to a 
local undercooling of the damaged area. The material of 
pipeline is locally cooled below a transient temperature, 
which results in a quick fracture growth. Characteristics 
of the fracture, however, does not show features of an 
absolutely brittle fracture, it is so called quasi-brittle 
shear fracture spreading with the rate of the order up to 
lo2 m.s-I; and before it is stopped at a transverse weld 
or at another barrier, the explosive destruction of the 
pipe line occurs. 

CONDITIONS 
AND METHODS 
OF EXPERIMENTAL EVALUATION 
OF MATERIALS 

During experimental testing, a series of materials used 
for gas equipment serving for distribution, collection 
and treatment of natural gas has been investigated. The 
survey of tested carbon and low-alloy steels is intro- 
duced in Table 1. The selected materials were compared 
from the aspect of the influence of metallurgical factors 
(the way of manufacture), heat treatment, structure, and 
micropurity. 

The experimental research presented below originate 
from the results of thesis [4], and also from research 
works of VUHZ Dobra [5, 11, 121. 

The range of tests of each material was aimed to ma- 
ximum approach to operating conditions, and it also 
tried to testify suitability of used or suggested materials 
as complexly as possible. 

Basic range of tests is represented by the following 
techniques: 

a) testing of basic mechanical properties 
b) investigation of changes in mechanical properties 

after charging with hydrogen 
c) investigation of the structure and micropurity 
d) investigation of resistance to degradation effects of 

H2S 

Tests of resistance to the effects of corrosion envi- 
ronment, particularly sulphane, have been carried out in 
a standardized model corrosion environment, according 
to the standard NACE [2], i.e. in a solution with the 
composition: 5% NaCl + 0.5% CH,COOH + 0.02% 
Na,S. 9H20 in distilled water. This solution is cha- 
racterized by pH = 3, with sulphide being hydrolysed to 
form of sulphane. This corrosion environment is used 
for the evaluation of steels from the point of view of 
SSCC resistance. 
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Table 1. Survey of selected types of constructional and low-alloy steels for technological equipment used for the distribution, collection 
and treatment of natural gas. 

Steel quality marking Way of manufacture 
according to the Czech 
State Standard (CSN) 

Heat treatment 

11 503.1 
11 503.5 
11 503.1s~  
11 523.1 
11 523.6 
13 118.1 
13 118.1 
welded joint 

15 112.6 
15 112.6 
welded joint 

open-hearth furnace 
open-hearth furnace 
open-hearth furnace 
oxygen converter (oxyvit) 
oxygen converter (oxyvit) 
EOP+DH+SL 
EOP+DH+SL 

open-hearth furnace 
electric-arc furnace 

900 OC / air 
900 OC / air + 670 OC / air 
1130 OC / 30 min. furnace / air 
900 OC / air 
890 OC I cooling into water I + 690 OC I air 
930 OC I air 
a) rolled product: 930 OC / air 

welded joint, no heat treatment 
b) rolled product: 930 OC / air 

welded joint: 600 OC + 60 min in furnace 
950 OC / air + 720 OC / air. 
a) rolled product: 950 OC / air + 720 OC / air 

welded joint, no heat treatment 
b) rolled product: 950 OC / air + 720 OC / air 

welded joint: 670 OC + 30 min in furnace 
970 OC / air + 760 OC I air 
940 OC 1 air + 720 OC / air 

Abbreviations: EOP - electric-arc furnace, DH - degassing, SL - device for refining outside of furnace (blowing of CaSi into melt) 

Testing 
of basic mechanical properties 

The following tests have been carried out and the 
following values have been observed: 

a) a tensile test at normal temperature was applied to 
verify values R ,,,, R,, A, and 2; 

b) an impact bending strength test, i.e. a notch impact 
test, was carried out in case of sheets in both 
longitudinal and transverse directions, in case of 
pipes only in the longitudinal one; 

c) hardness was determined by means of Vickers's 
method on test specimens for the impact bending 
strength test or on samples for hydrogen induced 
cracking (HIC) tests. 

Investigation 
of changes in mechanical properties after 
charging with hydrogen 

Longitudinal tensile tests, using samples identical in 
shape and size with samples used for testing of basic 
mechanical properties, were applied to find these 
changes. Charging with hydrogen was carried out 
electrochemically in the solution 0.5 mol.dm-3 H2S04 
with the addition of 90 mg.dm4 As203, cathodic current 
density j = -400 A.m-2, for two hours at normal 
temperature [3]. 

Two of the samples charged with hydrogen were broken 
immediately (up to 15 min), the other two samples were 
tested after diffusible hydrogen removal (one sample 
was annealed at 200 OC for 1 hour, the other was 
allowed to stay for 14 - 21 days at room temperature). 
An embrittlement factor was calculated from the values 

of contraction (2) of immediately tested samples 
charged and not charged with hydrogen: i 
where: Z, - contraction of samples not charged with 
hydrogen (inert environment), Z, - contraction of 
samples charged with hydrogen. 

Hydrogen negatively influences plastic properties 
characterized by ductility and contraction. 

Investigation 
of microstructure and micropurity 

This evaluation was carried out on a longitudinally 
polished section of samples after the HIC test. 
Micropurity was tested in their whole thickness. In 
addition, in samples showing concentration of cracks 
after HIC only to a certain part of the sample cross 
section, the micropurity was determined also only for 
this part of the cross section. 

The value of micropurity was determined by the sum 
of lengths of inclusions in mm per 1 mm2 of the 

I 

evaluated area (as a whole and in groups "long 
bands of inclusions" or "scattered spherical inclu- 
sions"). The minimum evaluated area was 20 mm2. 
This way of evaluation and expression of micropu- 
rity was applied with respect to a considerable in- 
fluence of frequency and lengths of long bands of 
inclusions on the sensitivity of steels to degradation 
effects of H2S. 
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Investigation of resistance 
to degradation effects of H,S 

Resistance of tested steels to degradation effects of 
sulphane was investigated by means of the following 
two methods: 

1. test of resistance to hydrogen induced cracking 
(HIC), where hydrogen diffusing into material is 
formed due to the presence of H2S and the test runs 
without external stresses; 

2. test of resistance to sulphide stress corrosion 
cracking in the presence of sulphane. 

Evaluation of steel sensitivity 
to hydrogen induced cracking 

To test this type of attack means to expose the tested 
samples in the environment saturated with H2S for a 
given period of time. Tests are performed according to 
the standard NACE 02-84. Exposure environment is mo- 
del sea-water saturated with H2S, the test is running at 
normal temperature and pressure for 96 hours [4, 11, 131. 

The principle of the test is as follows: samples 
(dimensions 100 x 20 x pipe thickness) are, after carefill 
grounding and cleaning of the surface, placed in a 
closed vessel filled with synthetic sea-water saturated 
with H2S (oxygen must be removed from the solution by 
means of nitrogen bubbling). At the end of the test, i.e. 
after 4 days of exposition, the presence of inside cracks 
is evaluated. The samples were cut apart and on 
polished sections the length of cracks was measured. 
Measurement of cracks was carried out using mic- 
roscope WILD (magnification 50x). 

The length and width of areas impaired by cracks and 
the index of HIC sensitivity, made up by the two criteria 
above [ l l ,  12, 181, have become the evaluating criteria. 
The acceptability of materials for aggressive envi- 
ronment that causes cracking of the material is thus 
conditioned by the determination of criteria CLR (crack 
length ratio), CTR (crack thickness ratio) and CSR 
(crack sensitivity ratio). They can be determined using 
the following equations: 

Evaluation of SSCC resistance 
of steels 

Tests were carried out according to the standard NACE 
TM-01-77 on the samples taken from pipes or sheets in 
a direction parallel to that of rolling, i.e. parallel to the 
longitudinal axis of the rolled product. The samples 
were of 0 5 mm and length 30 mm. This size has been 
found to be optimum with respect to long exposition 
time (720 hrs) and to the influence of intensive 
corrosion on test results, i.e. reduction of the cross- 
section during the test. 

The test runs at a constant load produced by a system of 
leverage and spring gears, when loaded samples are 
exposed in the model corrosion environment in special 
sealed test chambers. 

The long time of sample exposure is a disadvantage of 
this test, that is why the method of tensile test with a 
slow strain rate is applied nowadays. This method 
compares basic mechanical parameters of tested steels 
determined in the air with the results of the tensile test 
of samples in a corrosive environment. Low strain rates 
ranging between lo-) and s-I are used. The action of 
the corrosive environment and the increasing tensile 
stress cause deformation and growth of cracks in the 
loaded sample - their presence results in the change of 
plastic properties of materials sensitive to stress 
corrosion cracking. 

EVALUATION OF CARBON AND LOW-ALLOY 
CONSTRUCTIONAL STEELS - RESULTS 

Tests of selected constructional steels have evaluated 
suitability of the application of individual ma- 
terials, from the point of view of their usability for 
systems of surface technology, for collecting and 
for basic treatment of exploited acidic natural gas, 
with the main stress on the determination of the 
sensitivity to stress corrosion cracking influenced by 
H2S (SSCC). 

This part of solution results in the following summary 
of the most important resulting outputs: 

x- - Common sheets of class 11503 and 11523.1, 
t a  

Crack length ratio CLR = - . 100 (%) 
W 

Ch 
Crack thickness ratio CTR = - . 100 (%) 

T 

C(a. b) 
Crack sensitivity ratio CSR = - . l o o  (%) 

K T  

where: a = crack length, W = sample width, b = crack 
thickness, T = sample thickness 

showing ferrite-pearlite band structure, were found 
on the basis of a tensile test to have low 
embrittlement factors. From the aspect of 
micropurity, the increased occurrence of long 
sulphidic inclusions can be noticed, which gives 
hydrogen the possibility to diffilse into material. 
Values of threshold stress resulting from the 
SSCC tests are not very satisfactory for 
these steels. Heat treatment of steel 11503 
(900 "C I air + 670 "C I air) did not represent any 
improvement of properties from the point of view 
of the criteria above, particularly those of SSCC 
resistance. 
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- In case of steel 11 503, during laboratory procesing 
by heating to the temperature close to austenitizing 
temperature, there appears a shift in transforming 
the ferrite-pearlite area towards lower velocities of 
cooling, and due to this fact the structure shows a 
considerable part of fine-grained transient 
structures (from upper to lower bainite). These 
structures result in the effect of the increase of 
threshold stress RH, which is connected with the 
increase of the SSCC resistance coefficient up to 
the value of 71 % R,,,,. 

- In case of steel 11523.6 after heat treatment 
(900 "C / water + 690 "C / air), the structure 
changes into a typically tempered one, represented 
by low-carbon bainite. Resistance to diffusing 
hydrogen results in considerably lowered 
occurrence of cracks during the HIC test in 
comparison with the original material, and also in 
the increase of SSCC resistance (0.69 Rp0.2). 

- Low-alloyed modified steel 13 11 8.1 with a favou- 
rable ferrite-bainite structure has shown good 
parameters especially from the aspect of sulphide 
inclusion presence, which can be related to decrea- 
sed S and P contents. The way of manufacture by 
means of refining outside of a furnace by blowing 
out, using the so called Scandinavian jet, is thus 
considered to be positive in case of the investigated 
batch of this steel. The HIC sensitivity test did not 
show negative results in any of the evaluated sam- 
ples. Long-term resistance to SSCC conditions has 
shown even unexpectedly high values, i.e. up to 
75 % Rp0.,. 

- Tests of welded joints in case of steel 13 11 8.1 and 
steel 15 112.6 in variants without heat treatment 
and with additional heat treatment of the 
welded joint give us the evidence that the 
additional heat treatment of the joints has, from the 
point of view of resistance to stress cor- 
rosion cracking, no practical effect as far as the de- 
crease of their sensitivity to SSCC is concerned. 
The additional heat treatment of welded joints, 
that can be technologically applied only with 
difficulty and requires considerable costs, cannot 
be definitely recommended for large technological 
equipment used for the exploitation of acidic 
natural gas. To improve the structure in a 
temperature influenced zone and to eliminate 
internal stresses, pre-heating of material 
immediately before welding can be recommended, 
however. 

- Low-carbon refractory low-alloyed molybdenum 
steel 15 128.5 has shown considerably low values 
of embrittlement after enrichment with hydrogen, 
having low-carbon bainite structure with only 
sporadic pearlite grains at the boundaries of 
bainite. The steel shows resistance to hydrogen 

lments with possibility of stress corrosion cracking Horak Z. 

diffusion, as well as to embrittlement due to 
sulphan (RH = 79 % Rp0.2). 

- Low-alloyed chromium-molybdenum steel 
15313.5 has shown highly tempered low-carbon 
bainite structure with finely dispersely separated 
carbides, which enables us to assume a balanced 
ratio of material strength and toughness. The SSCC 
resistance test has reached the absolutely highest 
values, i.e. threshold stress on the level 
RH = 82 % R,,,, which leads us to recommend the 
application of this steel. 

- The essential knowledge that can be presented as a 
universal output of this series of tests deal with the 
relation between steel structure and SSCC 
resistance. Tempered bainite structure that implies 
favourable state of the material, especially as far as 
its SSCC resistance is concerned, has been 
repeatedly confirmed to be optimum. 

CONCLUSION 

The aim of the presented results is to introduce a set of 
criteria representing a certain systematic view at the 
selection of materials according to their exposition in 
conditions of a highly corrosive environment. This 
environment implies potentially the damage or even 
destruction of gas pipelines, and also of technological 
equipment used for underground storing and treatment 
of natural gas. 

A considerable contribution of this work can be found 
in the principal approach to a solution that introduces a 
system of suitable material selection accompanied 
with testing of metallurgical and other factors, from the 
point of view of reaching the minimum sensitivity of 
materials to negative effects of a corrosive environment, 
particularly to sulphidic stress corrosion cracking. The 
method presented above is aimed at the maximum 
possible decrease of the negative effects in the 
mentioned devices, the discussed problems being only a 
narrow segment of the work that has been carried out. 

This work by no means wants to present any 
closed complex of definite solutions, its aim is first of 
all to inspire continuing and further widening of the 
given problem solution, among others also with respect 
to the evaluation of the system of experimental 
methods. We believe that the results presented here 
provide a relatively reliable basis for looking for new 
aspects and criteria that can help experts select suitable 
materials and relevant technological measures for the 
conditions occurring in the discussed aggressive 
environment. 

References 

1 .  NACE STANDARD RM 175 - 96, V1, RO Sulfide 
Stress Cracking Resistant Metalic Material for Oil 

20 Koroze a ochrana materialu - special issue 44, 16-21 (2000) 



Problems of constructional materials resistance to aggressive environments with possibility of stress corrosion cracking Horak Z. 

Field Equipment; Revision, January 1996, NACE In- 
ternational, P.O. BOX 21 8340, Houston, Texas 77 21 8 - 8340. 
TM 02 - 84 Vyhodnocovcini oceli pro potrubi na odolnost 
proti stupZiovitdmu praskani. NACE 1984. 
Horik Z.: Koroze a protikorozni ochrana pr'i tteibe' kyseldho 
zemniho plynu - doktorska disertaEni price. VSCHT Praha 
1999. 
Bystriansky J.: Koroze materialii v podminkdch t2by  
agresivniho zemniho plynu. PfUbtini zpriva k su P 01- 
1 2 5 - 8 2 4 1 ~ ~  04-etap E 04 a E 05, V U H ~  Dobri, srpen 
1989. 
Horak Z.: Korozni problematika a protikorozni ochrana 
tranzitnich velmi vysokotluh$ch plynovodfi - pfednagka pfed- 
nesena na konferenci AKI '98, Beskydy, Malenovice 1998. 
Blondeu R.: Ironmaking and Steelmaking, 18(3), 201 (1991). 
Hyspecki L., Mazanec K.: Vodikovrj kfehkost konstrukfnich 
oceli o vyEich parametrech. Studie CSA. Academia Praha, 
( 9 ,  68 (1 978). 
Horik Z., Horilek V.: Korozni problematika z hledisku 
spolehlivosti a iivotnosti tranzitnich plynovodti: Cisti 1 a 2, 
piednigka piedneseni na konferenci AKI '99, Roinov 
p/Radhogttm 1999. 
Birta J.: Sklon oceli ke koroznimu praskdni mechanizmem 
vodikovdho zkfehnuti v zavislosti nu jcjich pevnostnich 

vlastnostech - ref. 6. Mezinarodni kolokvia Spolehlivost 
vysokotalak$ch plynovodii po dlouhd dobe provozu. Praha, 
biezen 1997. 
Gottwald M., Zivodnf S.: Souvislosti odolnosti oceli v 
prosttedich s HJ s metalurgicko-technologickjmi faktory. 
Pracovni protokol E.3, svu P 01-125-824 104, V U H ~  
Dobri, kvtten 1986. 
Gottwald M. a kol.: Rozvaha ke zptisobu vjbgru oceli 
odolnjlch HJze souEasniho sortimentu Es. oceli tr'. 11. 12 a 
15. Prac. protokol E.1, svu P 01-125-824104, V U H ~  
Dobd, kviten 1986. 
Kalivoda A. a kol.: Olejatske' trubky odolne' proti piisobeni 
kyseldho zemniho plynu. Studijni zpr., vzu NH Ostrava 
1982. 
Joska L.: Kritickk zhodnoceni metod pro urEovbni 
nachylnosti materialti ke koroznimu praskbni. pisem- 
n i  price k odbornd kand. zkougce. VSCHT Praha, 1977. 
Herbsleb G. in: HJ Corrosion in Oil and Gas Production a 
Compilation of Classies Papers. (Tuttle R. N., Kane R. D., 
Edits). NACE 1981, p.341. 
Advances in C02 Corrosion, Vol. l - Houston NACE 1984. 
Ikeda A., Mukai S.,Veda M.: The Sumimoto Search. 31(1 I), 
91 (1985). 
Biefer G. I.: Materi. Perform. 21(6), 19 (1982). 

4 Koroze a ochrana rnaterialu - special issue 44, 16-21 (2000) 21 


