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Research objectives 

 

Research objectives 

One of the important thoughts came to mind after experience in running projects of asset 

assessment, failure analysis case studies and materials research activities, is the proposal on 

creating a scientific network studying the significance of sour environment on gas Industry 

with and without the presence of green inhibitors. This proposal is aimed to establish a data 

base account and information resources describing the situation of the existing components as 

well as knowing their performance in environment contains H2S, HCl, and H2SO4 above the 

designed with the inhibitors environment.   

 

The overall objective of this research was site from the following topics. 

 Process the protective thin film with inhibitor effect or by combination between 

inhibitor ions and metallic surface ; 

 Process the degradation of the properties mechanical steel API 5L X52 in acid media;  

 Process the efficiency the green inhibitors corrosion on the degradation of the 

Properties mechanical steel API 5L X52 and X65 in acid media; 

 

 

 



Abstract 

 

 

Abstract 

The degradation of metal structures in pipelines can caused accidents. Some studies and research, 

indicate in the field oil and gas industry, that the effects of acidic chemical cleaning solution to an 

important role in the process of internal corrosion. In this context we performed an inspection of a 

corroded gas pipe by metallographic analyzes. Then we studied the mechanical behavior of the pipe in 

the presence and absence of green corrosion inhibitors (Ruta Chalepensis '' FIDJILE '') and synthetic. 

Two pipe grades were studies API X52 and API X65 mechanical tests were performed by Charpy test, 

Drop weight test, three point bending test and tensile test. 

Keywords: corrosion, green inhibitors, failure, fracture mechanics, pipelines. 

Résumé:  

La dégradation des structures métalliques des pipelines,  peut causer des accidents graves. Certaines 

études et recherches, indiquent dans le domaine industrie pétrolière et gazière, que les effets de la 

solution acides de nettoyage chimique à un important rôle  dans le processus de la corrosion interne. 

Dans ce contexte nous avons effectué une inspection d’une pipe de gaz corrodé par des analyses 

métallographiques. Puis nous avons étudié le comportement mécanique du pipe en présence et en 

absence d’inhibiteurs de corrosion vert (Ruta Chalepensis ‘’ FIDJILE’’) et synthétique. Deux nuances 

de pipe ont été  études  API X52 et API X 65 des essais mécaniques ont été réalisé par des tests essais 

de Charpy,  essais de Drop weight, essais de flexion à trois points et traction. 

Mots-clés: corrosion, inhibiteurs verts, rupture, mécanique de la rupture, pipelines. 

 الملخص:

بعض الدراسات والبحوث ، تشير في مجال  .ابيب إلى وقوع حوادث خطيرةيمكن أن يؤدي تدهور الهياكل المعدنية في خطوط الأن

في هذا السياق ، أجرينا  .دور مهم في عملية التآكل الداخليه صناعة النفط والغاز ، أن آثار محلول التنظيف الكيميائي الحمضي ل

يكانيكي للأنبوب في وجود وغياب مثبطات الم الخواض ثم قمنا بدراسة  .فحصًا لأنبوب غاز متآكل من خلال تحاليل فحص المعادن

اختبار و   Charpyيتم تقييم الخواص الميكانيكية بواسطة اختبار   .والتركيبية ('' Ruta Chalepensis '' FIDJILE) التآكل الخضراء

Drop weight   ، اختبارThree point  اختبار وTensil test. 

 

 .: التآكل، مثبطات خضراء، الفشل، ميكانيكا الكسر، خطوط الأنابيب الكلمات المفتاحية



Table of Contents 

 

 

I.1.GENERAL  INTRODUCTION ............................................................................................ 1 

 

Chapter . I 

I.1. INTRODUCTION ............................................................................................................... 4 

I.2.ALGERIA OIL AND GAS RESERVES .............................................................................. 6 

I.3. NATURAL GAS IN ALGERIA .......................................................................................... 8 

I.4. STATISTICAL ANALYSIS OF PAST PIPELINES ACCIDENTS IN ALGERIA ........... 9 

I.5 LEAKS OR EMISSIONS OF GAS FROM PIPELINES ................................................... 11 

I.6.EXPERTISE OF PIPE LINE .............................................................................................. 12 

I.6.1. INSPECTION INTERVENTION 2004: ................................................................. 12 

I.6.2. INSPECTION INTERVENTION 2009: ................................................................. 13 

I.7. FAILURE OF PIPELINES ................................................................................................ 14 

I.7.1. INTERNAL SERVICE PRESSURE ....................................................................... 15 

I.7..2. MECHANICAL DAMAGE OF PIPELINES ......................................................... 15 

I.7.3..EXTERNAL CORROSION………….......…………………..……………………16 

I.7.4..INTERNAL CORROSION……………...……………………...………………….16 

I.7.4.1. INTERNAL CORROSION BY CARBON DIOXIDE (CO2) ................. 17 

I.7.4.2. INTERNAL CORROSION BY HYDROCHLORIC ACID (HCl) .......... 17 

I.7.4.3. INTERNAL CORROSION BY SULFURIC ACID ( H2SO4) ................ 17 

I.7.4.4 INTERNAL CORROSION BY HYDROGEN SULFIDE (H2S) ............. 18 

I.7.4.5. INTERNAL CORROSION REACTIONS ............................................... 18 

I.8. PREVENTION AND PROTECTION OF PIPELINES FROM CORROSION ................ 18 

I.8.1 FROM EXTERNAL CORROSION: ........................................................................ 18 

I.8.1.1.CATHODIC AND ANODIC PROTECTION ........................................... 18 

I.81.2. COATING PROTECTION ........................................................................ 19 

I.8.2. FROM INTERNAL CORROSION ......................................................................... 20 

I.8.2.1. CLEANING PIGS PROCESS .................................................................. 20 

I.8.2.2. CORROSION INHIBITORS .................................................................... 21 

I.9. CONCLUSION .................................................................................................................. 23 

REFERENCES CH.I. ..... ……………………………………………………………………..24 

 

 

Chapter . II  

II.1 INTRODUCTION ............................................................................................................. 26 

II.2. CORROSION INHIBITORS ........................................................................................... 26 

II.3. ACTION MECHANISM OF CORROSION INHIBITORS ............................................ 26 



Table of Contents 

 

 

II.4. ELECTRODE REACTIONS OF CORROSION INHIBITORS ...................................... 27 

II.4. 1 ANODIC OR CATHODIC PROCESS OF INHIBITORS .................................... 27 

II.4.2. ADSORPTION INHIBITORS ............................................................................... 28 

II.4.2.1. PHYSICAL ADSORPTION .......................................................................... 29 

II.4.2.2. CHEMICAL ADSORPTION ........................................................................ 29 

II.5. ORGANIC INHIBITORS ................................................................................................ 29 

II.6. STEEL SURFACE ADSORPTION ................................................................................. 31 

II.7. ROLE OF GREEN CORROSION INHIBITORS………………..……………….…….32 

II.7.1 EFFECT OF CORROSION INHIBITORS ............................................................. 32 

II.7.2.EFFECT OF CORROSION INHIBITORS ON MECHANICAL PROPERTIES .. 33 

II.8. CONCLUSION ................................................................................................................ 33 

REFERENCES CH.II.   .. ……………………………………………………………………..34 

 

 

Chapter. III 

 

III.1. INTRODUCTION ........................................................................................................... 38 

III.2. PRESENTATION OF API 5L X52 AND X65 STEEL GRADES………………….…38 

III.2.1. API 5L X52 STEEL GRADE ............................................................................... 38 

III.2.2. CHEMICAL COMPOSITION OF X52 ................................................................ 39 

III.2.3.MICROSTRUCTURE ANALYSIS OF THE API 5L X52 STEEL ...................... 39 

III.2.4. API 5L X65 STEEL GRADE ............................................................................... 41 

III.3. CHARPY MECHANICAL TEST .................................................................................. 43 

III.3.1. OBJECTIVES OF THE CHARPY TEST ............................................................. 44 

III.3.2. CHARPY MECHANICAL TEST MACHINE ..................................................... 44 

III.3.3. PRINCIPLES OF CHARPY MECHANICAL TEST ........................................... 45 

III.3.4. CHARPY TEST SPECIMENS ............................................................................. 46 

III. 4. DROP-WEIGHT TEST .................................................................................................. 48 

III. 4. 1. DROP-WEIGHT TEST PRINCIPLE ................................................................. 48 

III. 4.2. DROP-WEIGHT TEST MACHINE .................................................................... 49 

III. 4. 3. IMPACTORS OF DROP-WEIGHT TEST ........................................................ 50 

III.5.THREE POINT BENDING TEST ................................................................................... 51 

III. 5. 1. THREE POINT TEST MACHINE…………..…………………………………51 

III. 5. 2. THREE POINT BENDING TEST SPECIMENS ............................................... 52 

III. 5. 3. MECHANICAL PROPERTIES MEASURED BY 3-POINT BENDING TEST53 



Table of Contents 

 

 

III. 6. TENSILE TEST ............................................................................................................. 54 

III. 6. 1. THE TENSILE TEST MACHINE ...................................................................... 54 

III. 6. 2.  TENSILE TESTING SPECIMENS ................................................................... 55 

III. 6. 3. MECHANICAL PROPERTIES MEASURED BY TENSILE TEST ................ 57 

III.7.THE PREPARATION METHOD OF THE GREEN CORROSION INHIBITOR ......... 58 

III.7.1. PRESENTATION OF THE PLANT .................................................................... 58 

III.7.2. EXTRACTION METHODOLOGY ..................................................................... 58 

III.7.3.THE PREPARATION OF THE TESTING MEDIA ............................................. 59 

 REFERENCES CH.II.   . ……………………………………………………………………..60 

 

Chapter. IV 

 

IV.1. INTRODUCTION .......................................................................................................... 62 

IV.2. ANALYSIS OF CORROSION CAUSES ...................................................................... 62 

VI.2.1. VISUAL OBSERVATIONS ................................................................................ 63 

IV.2.2. OPTICAL MICROSCOPE EXAMINATION ...................................................... 64 

IV.2.2.1. EXTERNAL SURFACE ..................................................................... 64 

IV.2.2.2. INTERNAL SURFACE ...................................................................... 65 

IV.2.3. SCANNING ELECTRON MICROSCOPY EXAMINATION ............................ 67 

IV.2.4. CHEMICAL ANALYSIS BY XRD ..................................................................... 68 

IV.2.5. CORROSIVE FLUID ........................................................................................... 69 

IV.2.6.METAL WALL THICKNESS REDUCTION ...................................................... 69 

IV.2.7.FINAL RUPTURE ................................................................................................. 69 

IV.2 .8. THE CORROSIVE EFFECT OF HCl ................................................................. 70 

IV.2.9. CORROSION RATE ............................................................................................ 70 

IV.2.10. RECOMMENDATIONS .................................................................................... 71 

IV.3. MECHANICAL TESTS ................................................................................................. 71 

IV. 3. 1. CHARPY TEST (DYNAMIC STUDY) ............................................................. 71 

IV.3.2. CHARPY TEST OF API 5L X52 STEEL IN ACIDIC MEDIA .......................... 73 

IV.3.3. CHARPY TEST OF API 5L X52 STEEL IN THE PRESENCE OF GREEN 

INHIBITOR ........................................................................................................... 74 

IV.3. 4. INFLUENCE OF GREEN INHIBITORS ON THE FRACTURE TOUGHNESS 

OF API 5L X52 STEEL ........................................................................................ 75 



Table of Contents 

 

 

IV.3.5. EFFICIENCY OF THE CONCENTRATION OF GREEN INHIBITOR ON THE 

X65 BY CHARPY TEST ...................................................................................... 77 

IV.3. 6. THE TEMPERATURE EFFECT ON MECHANICAL PROPERTIES OF API 

5L STEEL. ............................................................................................................. 79 

IV.3.6.1. INFLUENCE OF IMMERSION TIME IN HCl/5 % GREEN 

INHIBITOR ON DYNAMIC FRACTURE TOUGHNESS OF API 5L 

X52 STEEL AT 80°C. ........................................................................ 80 

IV.6.3.2. INFLUENCE OF IMMERSION TIME IN HCl/5 % GREEN 

INHIBITOR ON DYNAMIC FRACTURE TOUGHNESS OF API 5L 

X65 STEEL AT 80°C. ........................................................................ 82 

IV.3.6.3. EVOLUTION OF THE FRACTURE TOUGHNESS JC WITH 

IMMERSION TIME OF THE API 5L X65 AND X52 STEEL .......... 84 

IV.3.7. THE ACTION MECHANISM OF THE GREEN CORROSION INHIBITOR .. 85 

IV.4. DROP WEIGHT TEST APPARATUS AND SPECIMEN GEOMETRY ..................... 85 

IV.4.1. INFLUENCE OF GREEN INHIBITORS ON FRACTURE ENERGY OF THE 

X52 AND X65 STEEL BY THE DROP WEIGHT TEST ................................... 86 

IV.4.2. IMMERSION TIME EFFECT OF THE GREEN INHIBITORS ON FRACTURE 

ENERGY OF THE X52 AND X65 STEEL BY THE DROP WEIGHT TEST ... 88 

IV.5. THREE-POINT BENDING TEST ................................................................................. 90 

IV.5.1. SPECIMENS OF STATIC THREE POINT BENDING TEST ........................... 90 

IV.5.2. INFLUENCE OF GREEN INHIBITORS ON MECHANICAL PROPERTIES OF 

API 5L X52 STEEL BY THREE-POINT BENDING TEST. .............................. 90 

IV.6. INFLUENCE OF SYNTETIC AND GREEN INHIBITORS ON API 5L X52 BY 

TENSILE TESTS IN HCl ACID SOLUTIONS ............................................................... 92 

IV.7. CONLUSION .................................................................................................................. 96 

REFERENCES CH.IV.   ……………………………………………………………………..97 

 

 

GENERAL CONLUSION ..................................................................................................... 100 

ANNEXE…………………………………………………………………………..………..101 

 

 

 

 



List of figures 

Chapter .I 
 

Figure. I.1: Photography of pipeline...........................................................................................4 

Figure. I.2. Algeria Oil /Gas network and the point’s source of Oil and Gas in Algeria............5 

Figure .I.3. Oil production in Algeria from 1998 to 2017 (in 1,000 barrels per day)…….........6 

Figure. I.4. Natural gas production in Algeria from 1998 to 2017............................................. 8 

Figure.I.5 Natural gas pipeline explosion in Mohammadia-Algeria...........................................9 

Figure .I.6. (a)  Oil pipes explosion from Hassi-Messaoud, (b) LPG pipeline was exposed to 

transport liquefied petroleum gas from HASSI R'mel to Arzew ...............................10 

Figure .I.7. Condensate Leak on the NZ1 28, (b) Vanishing point, (c) Repair of the leak by a  

Clamp.......................................................................................................................10 

Figure. I.8. Explosion pipelines in Hassi Messaoud region…..................................................11 

Figure. I.9. Oil pipeline leakage damage………......................................................................12 

Figure.I.10. Corrosion in Oil and Gas industry. ......................................................................14 

Figure.I.11. Ductile rupture of a pipe of average diameter under the effect of internal 

Pressure........................................................................................................................15 

Figure.I.12.Crack in pipelines. .................................................................................................15 

Figure.I.13. External corrosion in pipes....................................................................................16 

Figure.I.14.Internal corrosion of pipelines……........................................................................17 

FigureI.15. Anodic / cathodic protection of pipeline…............................................................19 

FigureI.16. Coating of outside surface of pipeline with coal tar + epoxy…….........................19 

Figure. I.17. Internal cleaning of pipelines and extracted dirt after cleaning process..............20 

Figure.I.18. Corroded pipe before and after the cleaning process…........................................21 

Figure.I.19.Injection point of the corrosion inhibitor...............................................................22 

 

Chapter .II 

 
Figure.II.1: Schematic corrosion inhibitors of the anodic reactions.........................................27 

Figure.II.2: Schematic corrosion inhibitors of the cathodic reactions......................................27 

Figure.II.3. Schematic corrosion inhibitors of the mixed inhibitors reactions..........................28 

Figure.II.4. Schematic of the adsorption modes of inhibitor molecules on a metal surface.....28 

Figure.II.5. Organic inhibitors molecule...................................................................................30 

Figure.II.6. Molecular structure of some organic inhibitors.....................................................31 



List of figures 

Chapter .III 

Figure. III. 1. API 5L X52 steel pipe scheme...........................................................................38 

Figure. III.2: Microstructure of samples of X52 steel in the longitudinal direction.................40 

Figure. III. 3: Microstructure of samples of X52 steel.  (left) the surface in the circumferential 

direction (right) the surface in the thickness direction........................................40 

Figure. III. 4: X52 steel inclusions: globular oxides (left) and manganese sulfide (right) visible 

on the polished surface. ......................................................................................41 

Figure III.5. Microstructure of the pipe section of API 5L X65 steel.......................................42 

Figure. III.6.An example of instrumented Charpy test in ductile-to-brittle transition regime..43 

Figure. III.7. Instrumented Charpy testing machine RKP 450.................................................45 

Figure. III.8 Description of the Charpy mechanical test...........................................................46 

Figure. III.9 Scheme of Charpy impact test specimen..............................................................47 

Figure. III.10 Charpy test specimen preparation.......................................................................47  

Figure. III.11. Simple illustration of the drop-weight test machine..........................................48 

Figure. III.12. Drop weight test machine..................................................................................49 

Figure. III.13. Schematic of the drop weight test......................................................................50 

Figure. III. 14. Three-point bending machine, PW 310 universal machine..............................52 

Figure. III.15. Scheme of the three point test specimens..........................................................53  

Figure. III.16. Load-displacement plot from a bending test of a specimen of API 5L X52 

steel………………………………………………………………………...................54 

Figure III.17. Electric Static Traction Machine Zwilck/Roell Z250.........................................55 

Figure.III.18. The specimen Geometry For Tensile Testing.....................................................56 

Figure III.19.  The rectangular sample (left) and the tensile specimens (right) .......................56 

Figure III.20: Stress-strain curve of a high strength steel.........................................................57 

Figure. II.21.Green and dried plant leaves process...................................................................58 

Figure. III 22.Acid grade 37% HC, Heating operation of the dried aloe plant leaves..............59 

 
Chapter .IV 

 

Figure IV.1. Schematic view of process diagram and the rupture location at the third stage...63 

Figure IV. 2. General view of the failed gas pipe; (a) External surface and (b) internal 

surfaces…………………………………………………………………….…...63 

FigureIV. 3. Macroscopic observation on the external pipe surface (50X magnification)…...64 



List of figures 

Figure IV.4. Macroscopic observation on the internal pipe surface showing pitting corrosion 

(50X  a magnification).........................................................................................65 

Figure IV. 5. General view of the crack on the internal surface of the pipe  (100X  

magnification) ...................................................................................................65 

Figure IV. 6. Close view at the internal surface of the pipe shows the crack tip and the 

preferable path for the crack growth (150X magnification) .............................66 

Figure IV. 7. Thickness difference between slightly corroded and ruptured area (150X 

magnification) ...................................................................................................66 

Figure IV.8. SEM image on the fracture surface......................................................................67 

Figure IV. 9. XRD analysis of corrosion product.....................................................................68 

Figure IV.10. Typical load-displacement curve and the determination of the energy absorbed 

by the specimen ……………… .......................................................................72 

Figure IV. 11. Fractured V-notched Charpy test specimen......................................................73 

Figure. IV. 12. Variation of the fracture work UC vs. HCl acid concentration.........................74 

Figure. IV.13. Fracture Energy as a function of immersion time for different concentrations of 

the corrosion inhibitor.......................................................................................75 

Figure IV. 14. Load vs. displacement obtained by instrumented Charpy impact test after 

immersion in hydrochloric acid solution with and without green inhibitor..............76 

Figure. IV.15 Influence of green inhibitor concentration on dynamic fracture toughness of 

API 5L X52 steel after immersion in hydrochloric acid solution.........................77 

Figure IV.16.Effect of inhibitor concentration on load-displacement curves of API 5L X65 

steel. ..................................................................................................................78 

Figure. IV.17 Influence of green inhibitor concentration on dynamic fracture toughness of 

API 5L X65 steel after immersion in hydrochloric acid solution........................ 79 

Figure.IV.18 Charpy V energy curve as a function of temperature for API 5L X65 

steel…………………………….......................................................................80 

Figure IV. 19 Charpy impact test load-displacement curves after immersion in 1M HCl acid 

and 5% green inhibitor concentration at 80°C..................................................81 

Figure IV.20: Fracture toughness vs. immersion time in 1M HCl with 5% (v/v) green inhibitor 

at 80°C of API 5L X52 steel.............................................................................82 

Figure IV.21: Load-displacement curves corresponding to the different immersion solutions 

and immersion times of API 5L X65 steel........................................................83 

Figure IV.22: Fracture toughness vs. immersion time in 1M HCl with 5% (v/v) green inhibitor 

at 80°C of API 5L X65 steel.............................................................................84 

Figure IV. 23. Specimen of X52 and X65 steel during drop weight test..................................86 

Figure. IV.24. Specimens after the drop weight test.................................................................86 

Figure. IV.25. Absorbed energy as function of the concentration of green inhibitor in 1 M HCl 

API 5L X52 steel with different immersion time..............................................87 

Figure. IV.26. Absorbed energy as function of the concentration of green inhibitor in 1 M HCl 

API 5L X65 steel with different immersion time..............................................87 

Figure. IV.27. Absorbed energy by X52 steel as function of immersion time in 1 M HCl with 

different green inhibitor concentration..............................................................89 

Figure. IV.28. Absorbed energy by X65 steel as function of immersion time in 1 M HCl with 

different green inhibitor concentration..............................................................89 



List of figures 

Figure IV. 29. Three point bending test, specimen under test (left), specimen after break 

(right). ...............................................................................................................90 

Figure IV. 30. Three point bending test load- displacement curves of the specimens immersed 

in as indicated solutions.....................................................................................91 

Figure IV. 31. The tensile specimens (a), before and (b), after tensile tests.............................92 

Figure IV. 32. Stress-strain curves of API 5L X52 steel after immersion in different solutions, 

1.2 M/l HCl, 1.2 M HCl+ 30% Green and 1.2M HCl+ 30% synthetic 

inhibitors........................................................................................................... 93 

 

 

 

 

 

 

 



List of tables 

 

Chapter .I 

Table I.1. Natural gas compositions from Hassi R’mel and Skikda-Algeria region...................8 

 

Chapter .III   

Table III.1 Chemical composition of API 5L X52 steel. .........................................................39 

Table III.2. Mechanical properties of API5L X52 steel............................................................39 

Table III.3.  Summary of grain sizes in different orientations. ................................................41 

Table III.4. Chemical composition of API5L X65 steel...........................................................42 

Table III.5. Mechanical properties of API5L X65 steel............................................................42 

Table III-6: The Specimen Dimensions. ..................................................................................56 

Chapter IV 

Table. IV.1. Impact testing Results...........................................................................................77 

Table IV.2. Mechanical properties of the API X65 immersed on the HCl compared to the 

different concentration (Bb is taken as 80mm2)..................................................78 

Table. IV. 3 Mechanical Properties calculated for API 5L X52 steel immersed in acidic media 

and in the presence of 5% v/v green inhibitor (Bb is taken as 80mm2)...............81 

Table. IV. 4 Mechanical Properties calculated for API 5L X65 steel immersed in acidic media 

and in the presence of 5% v/v green inhibitor (Bb is taken as 80mm2)...............83 

Table. IV. 5.  Evolution of the maximum load and the displacement as a function the green 

inhibitor concentration.........................................................................................91 

Table IV.6. Tensile properties of steel API 5L X52 after immersion in different solutions from 

7 days...................................................................................................................93 

Table IV.7. Cumulated results of the experimental test............................................................94 

 

 

 

 



Nomenclature 

 

LNG Line natural gas 

LPG Liquefied petroleum gas 
GZ1 40 Hassi R'mel to Arzew  

SEM Scanning electron microscope  
 JI  Fracture toughness  

Pc Critical load  

Uc Fracture energy  

XRD X-ray diffraction 

API 5L  American petroleum institute specification 

X52 Minimum yield stress of 52000 psi (pound force per square inch) 

X65 Minimum yield stress of 65000 psi (pound force per square inch) 

X70 Minimum yield stress of 70000 psi (pound force per square inch) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

General Introduction 
 

 

 

 



 General Introduction 

 

1 
 

It is well known that, oil and gas sector is the backbone of Algeria economy accounting for up 

to 85 per cent of total exports. According to the 2018 annual statistical bulletin of OPEC, the 

country’s proven reserves are about 12,200 million barrels for crude oil and 4,500 billion 

cubic meters for natural gas. The crude oil production reached 1,039 million barrels/day and 

the marketed production of natural gas reached 94,778 billion cubic meters.   

The liquids and gaseous hydrocarbons transport network consists of a set of pipelines, 

pumping stations, compressor stations, storage yards, transporting effluents from production 

fields, a storage center or dispatching, to the industrial centers of processing and liquefaction, 

export and supply of the national market. For that, the pipeline network is a vital link in the 

hydrocarbons chain. It ensures the transportation, for the benefit of the users, of all 

hydrocarbon production from upstream to downstream. It also feeds the domestic market, 

LNG and LPG separation complexes and crude oil and Condensate refineries. The gas surplus 

is intended for export via GEM, GPDF and MEDGAZ and the surplus in crude oil and 

Condensate is intended for export via the ports of Arzew, Bethioua, Béjaïa and Skikda. 

In 2018, more than 20,927 km length pipelines traverse Algeria. It consists mainly of 21 oil 

pipelines with a length of 9,946 km and 18 gas pipelines with a length of 10,981 km. They 

connect 83 pumping and compression stations, 127 crude oil and condensate storage tanks, 02 

dispatching centers, 12 crude oil and condensate loading stations and 05 crude oil offshore 

loading stations. In order to fulfill this mission, the pipeline network design meets economic 

optimization criteria for operation at lower cost. However, the safety of people and goods and 

the respect of environment are of great concern. According to the 2018 annual pipeline safety 

report of the American Petroleum Institute (API), the USA operators have invested financial 

resources to ensure the reliability of the network, including spending over $2.2 billion in 2014 

to evaluate, inspect and maintain pipelines moving towards the goal of zero incidents.   

According to the same report, equipment failure is the most frequentcause of liquids pipeline 

incidents. Over the 2013-2017 period, equipment failure represented 45% of incidents, 

corrosion failure 19% and incorrect operation 15% of incidents. Material pipe/weld failures 

include cracking, a primary source of large volume releases, but represented only 7% of 

incidents over the last 5 years. 

At the first time, a study was carried out to investigate the probable cause or events that might 

have led to the failure of natural gas pipes, API 5L X52 carbon steel. The investigation was 

performed by visual inspection of failed pipes, and by the metallurgical analysis of the 
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corroded surface of the pipe. Investigation from the relevant pipes data suggests that the 

corrosion failure was the first to fail, and that is kind of failure cause serious losses in the pipe 

thickness. The corroded surfaces analysis showed the presence of different corrosion product 

and supports that the internal localized corrosion is influenced by carbon dioxide CO2 and 

hydrogen sulfide H2S content.  

The use of synthetic inhibitors promotes the pipeline protection from the internal corrosion 

during gas transport or pipe cleaning hydrochloric acid (HCl), and sulfuric acid (H2SO4). 

These inhibitors are chemical compounds used to minimize the effect of corrosion by 

diminishing the rate of the chemical reactions involved. However, the environmental toxicity 

of synthetic corrosion inhibitors has prompted the use of ecofriendly corrosion inhibitors as 

they are biodegradable, non toxic and do not contain heavy metals. 

In the previous investigation on the Ruta Chalepensis plant extract (known as “FIDJEL”) 

performed by our laboratory (LPTPM), has showed good corrosion inhibitor efficiency (about 

84%) in the hydrochloric acid solutions commonly used in cleaning operations.  

In this study, we focused our investigation on the mechanical properties of the API X52 and 

API X62, exposed to hydrochloric acid solution with the presence of Ruta Chalepensis plant 

extract as green inhibitor and the synthetic inhibitor. The mechanical properties are evaluated 

by Charpy test, drop weight test, three point bending test and tensile test.  

The manuscript is divided into four chapters. The first one is an introduction on Algeria oil 

and gas production and reserves, the transport network, catastrophic incidents of pipeline 

failures and their probable causes, prevention and protection of steel pipelines methodology.   

Chapter two deals with fundamentals of corrosion inhibitors:  classification, mechanism of 

action, adsorption mechanism and the effect of green inhibitors on corrosion.   

Chapter three presents the materials and methods used in this study. Chemical and physical 

characterization of API 5L X52 and X65 grade steels are given. Mechanical tests are 

described particularly Charpy test, drop weight test, three point bending test and tensile test.  

The preparation of the testing media is described as well as the preparation of Ruta 

Chalepensis plant extract, hydrochloric acid solution and their mixtures.   
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Results and discussion section is presented in Chapter four. The mechanical properties of the 

reference steel, the steel subjected to hydrochloric acid solution and the steel subjected to 

hydrochloric acid in the presence of the green corrosion inhibitor are compared and discussed.   
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I.1. INTRODUCTION 

Pipelines play an extremely important role in the world as a means of transporting oil and gas 

from fields and through all stages of processing, over long distances from their sources to 

ultimate consumers [1]. The general public is not aware of the number of pipelines that are 

continually in service as a primary means of transportation of oil and gas through land, sea, and 

rivers to reserves or treatment station. Figure .I.1 shows a photography of a steel pipelines.  

 

 

Fig. I.1: Photography of pipeline [2] 
 

Algeria, is the largest In terms of area in Africa, is one of the biggest producers of hydrocarbons 

with Libya and Nigeria.  Its entire economy was built around such resources, and its exports 

are mainly oil and natural gas. In the period of 1960s and 1970s  the  major capital investments 

is in these industries, it quickly grew into a major supplier of these energy products to Europe 

and other markets, including the United  States.[3]  
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Figure. I.2. Algeria Oil /Gas network and the point’s source of Oil and Gas in Algeria [4]. 

In Algeria today, the length of the pipeline network is estimated around the 20927 km, based 

on the data from SONATRACH June 2018. 

The distribution of the network in Algeria as noted below.  

 21 Oil pipelines with a length of 9946 km, with a Transport Capacity of 247,553 

million tons / year, [4].   

 18 Gas pipelines with a total length of, 10,981   km, with a Transport Capacity of 

195,121 Billion Sm3 / year, [4].   

 83 Pumping and compression stations, [4].   

  127 Crude oil and condensate storage bins, [4].    

  02 Liquid and Gas Dispatch Centers, [4].   

 12 Crude oil Shipping stations and Condensate dockside stations and 05 crude oil 

loading stations on the high seas (02 in Arzew, 02 in Skikda and 01 in Bejaia) of SPM 

type (Single Point Mooring), located at the terminals sailors in the various ports 

(Arzew, Bethioua, Bejaia and Skikda)[4]. 
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I.2.ALGERIA OIL AND GAS RESERVES  

Algeria has a large natural gas industry as a major producer in the world. Hassi R’Mel was 

discovered in 1956 and entered into production in 1961, supplying gas mainly to LNG export 

facilities and also to domestic users. In 1976, the massive field was estimated to contain 2,000 

bcm of gas reserves, over half of Algeria’s known total reserves at the 1978.  Sonatrach already 

had future commitments for gas deliveries of rising to over 70 bcm per year by the mid-1980s. 

After that, the aggressive of the exports was increased to over 100 bcm per year through the 

end of the (2001). [3] Algeria's crude oil production was reported at 1039.000 Barrel/Day th in Jun 

2018. This records an increase from the previous number of 1035.000 Barrel/Day [5]. Figure.I.3. 

shows the static of oil production from Jul 2017 to Jun 2018 in Algeria.  

 

Figure .I.3. Oil production in Algeria from Jul 2017 to Jun 2018 [5] 

 

In 2011, Algeria's estimated crude oil exports were 750,000 barrels per day (Bbl/d). The largest 

portion of which—around 40%—went to North America, mainly the United States. [3]. The 

Organization for Economic Cooperation and Development (OECD) countries import around 

30% of Algeria’s oil exports. [6]. Most of Algeria’s proven oil and gas reserves are located in 

the eastern part of the Sahara.  Around 67% of reserves are in the provinces of Oued Mya and 

Hassi Messaoud, with two giant  fields: Hassi R’mel (gas) and Hassi Messaoud (oil); the basin  
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of Illizi comes in third position with 14% of the reserves, followed by the basins of Rhourde 

Nouss (9%), Ahnet Timimoun (4%), and Hassi Berkine (4%).[3] 

The province of Hassi Messaoud-Dahar alone has 71% of Algeria’s oil reserves, while the 

province of Oued Mya has corresponding to a mainly Mesozoic basin, contains mainly 50% of 

the gas reserves and only 6% of the oil reserves.  

The basin of Illizi has 15% of oil and 14% of gas; the provinces of Rhourde Nouss and Berkine 

have 19% of gas, mostly in Rhourde Nouss, and 8% of oil. Finally, the basin of Ahnet-

Timimoun is suspected of containing gas only (13%). [3] Terms of production, 75% of 

Algeria’s hydrocarbon output comes from the fields of Hassi Messaoud and the Hassi R’Mel. 

Sixty-four percent of the total primary production volume is natural gas, 26% oil, 6% 

condensates and 4% LPG. In 2010, 72% of the output volume was produced by Sonatrach and 

the rest by foreign companies. [7] LNG is produced by the two old plants of Arzew and Skikda; 

two new ones are being built now.  

The Arzew plant in the northwest of Algeria, a production capacity of around 53 Bcf/y of LNG, 

was the first of its kind in the world when it opened in 1964. It was closed in February 2011 

after becoming too dangerous to operate. [3]. It is now being replaced by a new LNG plant with 

a mega-capacity of 218 Bcf/y; it is supplied by gas from the Gassi Touil fields and was open in 

2013. The LNG plant and export terminal of Skikda in the northeast of Algeria, which has been 

operating since 1972, also encountered problems when on January 19, 2004, an accidental 

explosion.  

In another hand figure .I.4 shows the statistic Algeria of the total natural gas production from 

2006 to 2017[8]. In 2017, natural gas production in Algeria amounted to around 94.8 billion 

cubic meters. Since the data are derived directly from metric tons of oil equivalent using an 

average conversion factor, they do not necessarily equate with gas volumes expressed in 

specific national terms. 
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Figure. I.4. Natural gas production in Algeria from 2006 to 2017 (in billion cubic meters).[8] 

 

I.3. NATURAL GAS IN ALGERIA 

The compositions of the natural gas in Algeria contains some chemical component can play 

important role in the process of the internal corrosion. In the below table, we presented the 

chemical component from the Skikda and HassiR’mel region. 

Table I.1. Natural gas compositions from HassiR’mel and Skikda-Algeria region. [9] 

 

 

 

 

 

 

 

 

 

 

 

Chemical Composition Skikda Algeria HassiR’mel Algeria 

Methane 82,27 83.7 

Ethane 6,92 6.8 

Propane 2,15 2.1 

Butane 0,52 0.8 

C5+ 0,13 0.4 

Nitrogene 5,60 5.8 

Hydrogen sulfide Not available Not available 

Carbon dioxide 0,18 0.2 
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I.4. STATISTICAL ANALYSIS OF PAST PIPELINES ACCIDENTS IN 

ALGERIA  

 

The accident temporarily reduced LNG production by more than 70%. [3]. These historical 

pipeline failure incidents provide valuable information about the leading causes for pipeline 

failures, typical failure modes, failure rate in terms of per year per unit length, consequences of 

failures, etc. Such information will facilitate the development of effective pipeline integrity 

management programs and provide baseline statistics for the quantitative risk assessment of 

pipelines. [3]. the risk of these accidents is associated with the presence of dangerous substances 

at large quantities and under such conditions that an uncontrolled accident. The consequences 

of these latter are at various levels and may affect not only the industrial sites, but also people, 

environment and economy [8].  Every year, industrial accident causes a number of deaths, 

injuries and property losses due to petroleum refining operations. Industrial accident has 

become a threat to human safety such as the accidents of Skikda refinery in January 2004 and 

October 2005.  Another accident has been in October 19, the 2006 at 07:10 a.m. The rupture of 

a major underground high-pressure natural gas pipeline in Mohammadia, Algeria resulted in 78 

injuries. According to local media, the fire was spread over a radius of 210m leading to air 

pollution because of burning of 1.3 million cubic meters of natural gas; consequently, this 

incident caused damages to neighboring dwellings as well as to the people who live there.  

 

 

Figure.I.5 Natural gas pipeline explosion in Mohammadia-Algeria. [9]. 

 

In 2007, another accident happens in Arzew. The pipeline was buried underground carrying gas 

at 51 bars with a flow rate of 1450000 m3/h from Hassi R’mel to Arzew. Aerial pictures of the 

scene showed sheared pipe after the explosion appeared to be a trench and crater, suggesting 

that there was a major release of gas before the explosion occurred [9] 
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Figure .I.6. (a)  Oil pipes explosion from Hassi-Messaoud, (b) LPG pipeline was exposed to 

transport liquefied petroleum gas from HASSI R'mel to Arzew[9]. 

 

Following the heavy rains on Friday 11.09.2009 at Laghouat’s region, a strong current was 

created in Oued M'zi, where an aerial LPG pipeline was exposed to transport liquefied 

petroleum gas from HASSI R'mel to Arzew under pressure of 25 bars, then this pipeline has 

sheared at two points, which resulted on 12 September 2009 at 00:10 a.m. a strong explosion 

accompanied by a fire and flames up to 50 m high. Another accident because of corrosion has 

been appeared in Algeria on May 09, 2011, around 2:00 p.m, an oily puddle appeared near the 

line of the LPG pipeline in the region of El Matmar-Relizane.  

 

Figure .I.7. Condensate Leak on the NZ1 28, (b) Vanishing point, (c) Repair of the leak by a 

clamp. [9] 

 

This pipeline was stopped at the time of incident because of a leak due to corrosion at 05:00 

a.m. where the perforation has reached 0.5cm of diameter and the pressure at this point was 5 

bars. Figure I.8. Shows the last accident, on Friday 11/08/2017 of oil pipeline in Hassi 

Messaoud region.  

 

 

Leak zone 

a) b) c) 
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Figure. I.8. Explosion pipelines in Hassi Messaoud region. [9] 

 

Besides that, Oil pollution accidents are nowadays become a common phenomenon and have 

caused ecological and social catastrophes. [10-11].  

Petroleum refining unavoidably generates considerable volumes of oily sludge during oil 

production and processing activities. These, accidents statistics are important from the safety 

and reliability of the pipelines network. And is indicate of the impacts accidents on the success 

of the safety and security parameters [12]. 

 

I.5 LEAKS OR EMISSIONS OF GAS FROM PIPELINES 

One another problem is noted in the line GZ1 40 "which connects Hassi R'mel to Arzew. This 

problem is the leaks or emissions of the gas from pipelines. Figure.I.7. Sonatrach uses a variety 

of methods for the detection of these leaks. One of these methods is the geothermal probes. The 

principle of using thermograph for the detection of leaks is as follows: gas escaping from pipe 

modifies thermal characteristics of the environment soil around this place when we have the 

leaks. In this following photo we present the leaks accident from this line ''GZ1 40''  
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Figure. I.9 : Oil pipeline leakage damage [13] 

I.6.EXPERTISE OF PIPE LINE  

The detection and/or examination of pipelines is important, in order to detect the many 

problems that are exposed. Two inspections intervention are presented here of line connecting 

Hassi R'mel to Arzew the first inspection intervention in 2004 and the second was in 2009. 

These exhibited an advanced state of corrosion that caused an important loss of metal in 

different in this line. Some intervention by experts in the field of 40 inspections of the pipelines 

to see the state of this pipeline and take the actions required: 

I.6.1. INSPECTION INTERVENTION 2004: 

The report of this intervention has been drawn up defining both the state of location of the line 

and a plan for bringing this pipeline back into service. The defects detected were classified in 

three categories according to the priority 

 The first priority: Some defects show important degradation of the nominal values 

condition of service line, in this cause it be must remove the places effected. 

 The second Priority: Some defects need intervention immediate repairs. 

 The third priority: Some defects need investigations. 
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The defects identified by the intelligent pig are as follows: 

  171306 external corrosion defects which account for 93.6% of all 

identified defects 

 11499 manufacturing defects of which 321 external and 11178 internal 

 111 single bumps, 15 bumps associated with the seam, 29 associated bumps 

loss of thickness and 4 bumps associated with both the weld, the wheel and the 

a loss of thickness. 

 34 metal objects. 

 1 eccentric housing tightened. 

 

I.6.2. INSPECTION INTERVENTION 2009:  

The second inspection intervention for a distance of 507 km connecting Hassi R'mel to Arzew. 

In this last inspection the intelligent pig was used. They can be used to the inspection of 

pipelines carrying gas or fluids on land or underwater and of diameter ranging from 6 to 56 

inches (15 to 142 centimeters) [13]. 

These tools make it possible to detect the following anomalies on the pipes: 

 Internal and external pitting of corrosion 

 General corrosion on the pipe body 

 Loss of metal near welds 

These intelligent pigs are designed primarily to locate and size a metal loss greater than or equal 

to 10% of the thickness of the pipe. 

This inspection intelligent pigs measures the thickness of the pipe wall using a technique 

ultrasound reflection time. Measurement using this technique is based on the interval between 

the reflection of the ultrasound returned by the surface of the inner wall (echo input) and that 

of the echo returned from the surface of the outer wall (echo of outer wall). One another 

technical geometric and instrumented piston leakage inspection of magnetic flux was carried 

out in 2009 with the aim of, [13]. 

 Record the restrictions and geometry faults of the pipeline and measure the dimensions 

 Identify the location of pipe wall defects related to the loss of metal (internal or external 

corrosion, scratches, chips); 

  Detect defects in circular welds; 

 Detect non-welded pipe elements; 
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 Register building components and repair constructions of the pipe. 

 Prepare the weld register for the linear part of the inspected section.  

This detection process of the defect line gas connecting Hassi R'mel to Arzew was noted in 

three sections however, [13] 

 First one section had noted 1877 defects (loss of metal) of depth up to 40.5% wt 

(thickness). Whose: 1540 internal and 337 external  

 Sound section had noted 2686 defects (loss of metal) depth of up to 52.8% wt (thickness) 

between which: 1718 internal and 968 outside. 

 Third section had noted 2113 defects (loss of metal) depth of up to 53.5% wt (thickness) 

between which 1472 Internal, and 657 external. 

I.7. FAILURE OF PIPELINES  

From the pipeline, the accident can be result of different metallurgical failure mechanisms 

including but not limited to manufacturing defects, third party damage, and corrosion. 

Understanding these failure mechanisms is critical to mitigating risk of future incidents and 

managing the future integrity of the pipeline. [13]. Out of all defects of pipeline systems the 

corrosion defects proportion-wise are the most significant. The general percentage distribution 

of all failures in the pipelines as like below noted [14].   

 34% by  Mechanical fracture failure   

 15% Caused by  external corrosion 

 51 % Caused by internal corrosion  

Internal corrosion damage being termed as the highest cause of pipeline failures contributed 

51% to overall failures.  Figure. I.10 shown the static of the corrosion oil and gas industry. 

 

Figure.I.10. Corrosion in Oil and Gas industry.[14] 
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I.7.1. INTERNAL SERVICE PRESSURE 

One another problem came from the internal service pressure, when the pipes can’t supported 

the internal stress. This figure.I.11 shows that, in general, cracks propagate mainly in the 

longitudinal direction of the pipe, the rupture of which occurs in the same direction. Internal 

service pressure is usually the main cause of stress. [15]  

 

Figure.I.11. Ductile rupture of a pipe of average diameter under the effect of internal pressure. 

[15] 

 

I.7.2. MECHANICAL DAMAGE OF PIPELINES 

 

Mechanical damage of pipelines is one of some problems from pipelines. The damage came 

from the encroachment, which occurs when the pipe is struck by earthmoving 

equipment.  Sometimes called a “combined defect” because it consists of both a geometry 

distortion and a stress-concentrator or notch. [16]. Figure .I.12. Shows the material gouge of 

pipe combined with crack. 

 

 

 

Figure.I.12.Crack in pipelines [16] 
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The severity of mechanical damage is rooted in the presence of micro cracks that develop at the 

base of the gouge during the process of dent re-rounding due to pressure (and to some extent 

elastic rebound).   Most often the damage is seen as prominent dents on the bottom half of the 

pipeline, often called “plain dents”. Are defined injurious if they exceed a depth of 6% of the 

nominal pipe diameter. 

I.7.3. EXTERNAL CORROSION  

External corrosion came from the lack of coating, from this cause, it seems reasonable to assume 

that any buried or submerged pipeline should be identified as susceptible to external corrosion. 

Figure.I.13 shows the external corrosion of pipeline. However in the presence of a coating, this 

is an indication that the corrosion phenomenon is difficult to avoid in general. 

 

Figure.I.13. External corrosion in pipes. [17].   

I.7.4.INTERNAL CORROSION  

Internal corrosion is a real problem in oil and gas industry. It is difficult to identify, especily 

from the pipelines to transport gas and oil in the presence of, liquids and water. From this the 

majority of pipelines, are a face of the internal corrosion. Figure .I.14. Shows the crack caused 

by internal corrosion of pipeline. 
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Figure.I.14.Internal corrosion of pipelines.[18] 

 

I.7.4.1. INTERNAL CORROSION BY CARBON DIOXIDE (CO2) 

Corrosion by carbon dioxide is one of the major studied forms of internal corrosion in oil and 

gas industry [18]. This is generally because the crude oil and natural gas reservoir usually 

contains some level of carbon dioxide. Natural gas compositions from Algeria contain 

important value of carbon dioxide (Table. I.1). The mechanism of corrosion of carbon steel in 

media containing carbon dioxide is complex, inevitable in the presence of wet and in 

dependence of the prevailing conditions it may lead to general or local corrosion and corrosion 

cracking. 

I.7.4.2..INTERNAL CORROSION BY HYDROCHLORIC ACID   (HCl) 

HCl  is  one  of  the  most  commonly  used  in petroleum industry for  acid  pickling and 

cleaning system of the internal pipe surface. Its role is to decrease the surface area of corrosion 

causing inactivation of the corrosion reaction part of the surface. 

 

I.7.4.3. INTERNAL CORROSION BY SULFURIC ACID (H2SO4)   

In some cases, the oil extraction requires the addition of chemical fluids, in the aim to facilitate 

the extraction process, sulfuric acid is used in this context. However many reports confirmed 

the sulfuric acid reacts with metal and causes internal corrosion. [19]. 
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I.7.4..4 INTERNAL CORROSION BY HYDROGEN SULFIDE (H2S)  

Hydrogen sulfide is present in field of oil/gas, fields this gas (H2S) combines easily with water 

to from a strongly corrosive acid:  

H2S + H2O  HS- + H3O
+                                                                                              (I.1) 

HS- + H2O  S2- + H3O
+                                                                                                                                      (I.2) 

Consequently, steel pipes are corroded by H2O in the presence of water. 

I.7.4..5. INTERNAL CORROSION REACTIONS  

Corrosion is an electrochemical redox (reduction and oxidation) process, whereby localized 

anodic and cathodic reactions are set up on the surface of the metal. The anode of an electrolytic 

cell is positive wheras the cathode is negative. Therefore, the reaction at the electrodes are 

presented by (Equations I-3 and I-4):  

Anode: 
  eFeFe 22
                                                                                                       (I.3) 

Cathode: 2H++2e-
 H2 (g)                                                                                                     (I.4) 

I.8. PREVENTION AND PROTECTION OF PIPELINES FROM 

CORROSION  

 

In this last part of the study we present types of the protection of pipelines from corrosion, in 

the below we have the major protection systems of pipelines. 

I.8.1 FROM EXTERNAL CORROSION: 

I.8.1.1.CATHODIC AND ANODIC PROTECTION 

 

By  using  the  sacrificial  anode  technique,  the  steel  pipe  will  be protected  from corrosion  

by another  metal  that  will  be  corroded see Figure. I.15. The cathodic protection is generally 

credited to Sir Humphrey Davy in the 1820s. Davy found that he could preserve copper in sea 

water by the attachment of small quantities of iron or zinc; the copper became, as Davy put it, 

“cathodically protected”. Today, Davy’s procedure is still being used to minimize corrosion 

damage to steel vessels by installing zinc anodes on ships across the world [20]. This is achieved 

by applying a current to the structure to be protected (such as a pipeline) from some outside 

source. When enough current is applied, the whole structure will be at one potential; thus, anode 
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and cathode sites will not exist. Cathodic protection is commonly used on many types of 

structures, such as pipelines, underground storage tanks, locks, and ship hulls. Figure. I.15. 

below show these two types.  

 

FigureI.15. Anodic/cathodic protection of pipeline.[21] 

There are two main types of cathodic protection systems: galvanic and impressed current. [21] 

. Note that both types have anode (from which current flows into the electrolyte), a continuous 

electrolyte from the anode to the protected structure, and an external metallic connection (wire). 

These items are essential for all cathodic protection systems. 

I.8.1.2. COATING PROTECTION  

Coating is one of the corrosion protection systems for underground pipelines from external 

corrosion. It is a highly efficient system, provided care is taken during material selection and 

application of the coating. Figure.I.16. shows the external coating of pipeline. 
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FigureI.16. Coating of outside surface of pipeline with coal tar + epoxy 

I.8.2. FROM INTERNAL CORROSION: 

I.8.2.1. CLEANING PIGS PROCESS  

Cleaning of the internal pipeline will try to keep the integrity by means of a continuous internal 

protection from the aggressive environment. The aim of cleaning is designed to work on steel 

pipeline diameters from 4 to 36 inches, and larger diameters are possible. The protecting 

cleaning system using the synthetic inhibitors injection to order the facility remove the cleaning 

pig inside the pipeline. Figure.I.17shows the chemical and the mechanical cleaning process. 
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Figure. I.17. Internal cleaning of pipelines and extracted dirt after cleaning process. [22] 

 

The beneficial effects of internal cleaning of pipelines, introduced with synthetic inhibitor, halt 

the damage caused by corrosion and prevent future corrosion damage.  When the pipeline is in 

service, it is necessary to pig the line to maintain line efficiency and aid in the control of 

corrosion. It is necessary to remove the liquids in wet gas systems, also remove accumulated 

water in product pipelines, and paraffin removal and control in crude oil pipelines. When 

inhibitors are used in gas pipelines, the solvents in the inhibitors evaporate, create the activation 

of the corrosion trace on pipe walls that can be removed with cleaning pigs. It is also used in 

conjunction with chemical treatment of the lines to disturb the corrosion sites and remove water, 

microbes, and corrosion products. The following Figure. II.18. represent pipeline before and 

after the cleaning operation. 

 

Figure.I.18. Corroded pipe before and  after the cleaning process. [22] 
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I.8.2.2. CORROSION INHIBITORS    
 

Corrosion inhibitors are substances that are added in small amounts to the corrosive medium to 

stop or slow down electrochemical corrosion reactions on a metal surface 

Inhibitors can be divided into two main categories inorganic and organic. 

 Inorganic inhibitors are used mainly in boilers, cooling towers, and fractionation units. 

 Organic inhibitors are used mainly in oil field systems. 

Figure. II.19. shows the system injection synthetic inhibitors of corrosion in Hassi R'Mel, 

(Algeria). When the pipeline is in service, it is necessary to cleaning the line in the aim to keep 

their efficacy and to control the corrosion.  

 

 

Figure.I.19.Injection point of the corrosion inhibitor  

 

The pipeline is then visually examined at predetermined inspection points for verification and 

total cleanliness. Generally, there are other methods for the prevention and protection of gas 

and oil pipelines from internal corrosion, e.g. (i) prevent or mitigate internal corrosion by dehy-

dration,[23]; (ii) system cleaning of corroding pipe and injecting inhibitors inside pipelines, and 

(iii) system injection of synthetic inhibitor inside new pipelines while in service. The protective 

measures taken at present to combat internal corrosion are not adequate.  
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The methods using synthetic inhibitors are very expensive, toxics for humans and not friendly 

to the environment. The use of ‘green’ inhibitors is not a new idea. The initiative was made in 

some research, [24]. This work presents the new tendency is to use the ‘green’ inhibitor, 

extracted from natural plants as a solution for anti-corrosion to protect pipe steels from 

degradation caused by the internal corrosion in the oil transportation. The developed ‘green’ 

inhibitors are used to inhibit corrosion in steel by the natural extracts containing many families 

of natural organic compounds (flavonoids, alkaloids, tannins, etc.), readily available and 

renewable. This method is based on using an active corrosion inhibitor as a coat on the internal 

surface of the steel wall, such that corrosion inhibitors film will take place between the gas/oil 

and the internal pipeline. 

 

I.9. CONCLUSION   

The speed of demand on oil and gas, in the word is constant. This is why the energy producing 

companies must take attention on the transportation process and safety integrity of the pipelines, 

from the reserve to the station of treatment and consumers.  In this chapter we presented the 

position of the Algeria in the world from the oil and gas reserve, and also the network pipelines 

installation and the estimation their length. We are presented some network accidents in Algeria 

and inspections from the Hassi R'mel to Arzew. We have in this chapter different failure of 

pipelines such as mechanical damage, internal and external corrosion. At the end we have the 

process of pipeline protection from corrosion by anodic and cathodic protection and also we 

presented the protection by synthetic and green inhibitors. 
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II.1 INTRODUCTION  

Algeria gas and oil transportation networks are a faces many problems. These problems can 

be a cause some accidents, (Chapter. I). One of them is the internal corrosion. For this case 

the corrosion inhibitors are used in the aim to inhibit the internal surfaces of pipeline against 

internal corrosion.  

       Generally the applications of corrosion inhibitors had been an accepted practice for their 

efficiency. [1-2] One of the best methods to reduce the rate of metallic corrosion is by the 

addition of corrosion inhibitors; even small concentrations of corrosion inhibitors can result in 

the decrease of the corrosion rate of the metal surface [3-7].Corrosion inhibitors are the 

substances added in small amount to the corrosive medium in aim to stop the corrosion 

activation or slow down the electrochemical corrosion reactions on a metal surface. 

II.2. CORROSION INHIBITORS  

Corrosion inhibitors is one of the most practical methods for protecting metal steel in 

chemical industry. [8]. Sulphuric acid (H2SO4), and hydrochloric acid (HCl) are often used in 

industrial acid cleaners and pickling acids. [9] The majority of the corrosion inhibitors are 

organic compounds, which allow adsorption on metal surfaces [10]. Unfortunately, many 

common corrosion inhibitors that are still in use today are toxic to the environment and 

hazardous to human health [11]. 

II.3. ACTION MECHANISM OF CORROSION INHIBITORS 

Corrosion inhibitors act by one or more of the following mechanisms. 

 They form precipitates, which visibly coat and protect metal surfaces. 

 They adsorb on metal surfaces to form protective films. 

 They combine with corrosion product to protect metal surfaces 
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II.4. ELECTRODE REACTIONS OF CORROSION INHIBITORS 

II.4. 1 ANODIC OR CATHODIC PROCESS OF INHIBITORS  

     Corrosion inhibitors protection can be classified by the reaction with metal into electrode 

reactions. The classification is based on anode or cathode polarizations of the reactions 

involved in a corrosion process [16].  

 

Figure.II.1: Schematic corrosion inhibitors of the anodic reactions [16] 

 

The anodic inhibitors produce a large shift corrosion potential, 𝐸𝑐𝑜𝑟𝑟 in positive direction as 

shown in Fig.II.1 thereby forcing the metallic surface into the passive region with a decrease 

in corrosion current density, I𝑐𝑜𝑟𝑟.  However,  cathodic inhibitors, the 𝐸𝑐𝑜𝑟𝑟 to a more negative 

value thereby  increase  the  surface  impedance  and  limit  the  migration  of  reducible  

species  to  the areas with corresponding decrease in  I𝑐𝑜𝑟𝑟 as shown in Fig.II.2 [12-16]. Some 

example of anodic inhibitors are the chromates, molybdates, tungstates, [17-18], phosphate 

[19]. and also sodium nitrite are quite effective anodic inhibitors.   

 

Figure.II.2: Schematic corrosion inhibitors of the cathodic reactions [16] 
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Figure.II.3 present another type of inhibitors as noted mixed inhibitors when there is small 

negative or positive change in 𝐸𝑐𝑜𝑟𝑟 with a decrease in I𝑐𝑜𝑟𝑟. Fouda et al [16-17] also used 

anodic and cathodic Tafel slopes (𝛽𝑎, 𝛽𝑐) to explain the type of inhibitor used in their work. 

Some examples of the inhibitors are inorganic polypposphate (sodium polyphosphate 

(Na2P2O7), Sodium tripolyphosphate (Na5P3O10)).Organic compounds such as   N -

heterocyclic e.g. imidazole and benzimidazole. [14, 21].  

 

Figure.II.3. Schematic corrosion inhibitors of the mixed inhibitors reactions [16] 

 

Benzotriazole is used widely for copper and copper alloy protection [21-23]. Quniolines and 

thiourea used to inhibit the dissolution of mild steel in H2SO4. Amines, amides, acridines used 

to inhibit steel corrosion in HCl [14]. 

II.4.2. ADSORPTION INHIBITORS 

        Figure. II.4 present the adsorption modes of inhibitor molecules on a metal surface. 

 

Figure.II.4. Schematic of the adsorption modes of inhibitor molecules on a metal surface.[24-

25]. 
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Two interaction types are mainly responsible for the inhibitory bond / metal surface, 

physisorption and chemisorption. These two types of adsorption are influenced by the nature 

and the charge of the metal, the chemical structure of the organic product and the type of 

electrolyte [24].  

II.4.2.1. PHYSICAL ADSORPTION 

The physical adsorption is defined from Van Der Waals by the forces or electrostatic forces 

existing between the ionic charge or dipoles of the inhibitory species and the surface of the 

metal electrically charged.  The charge of the metal is defined by the position of the corrosion 

potential of this metal in relation to its zero charge potential (E0) [16].  When the corrosion 

potential of this metal has a value less than E0 the adsorption mechanism of the cations to be 

favored; on the contrary, anions are adsorbed when the corrosion potential of the metal is in 

the region of positive potential with respect to E0. In some cases, the surface charge can be 

modified by the adsorption of a layer of intermediate ions. [16].  

II.4.2.2. CHEMICAL ADSORPTION 

Chemisorption is a more common mechanism than physisorption and leads to more important 

efficacy of the inhibitor. It involves an electronic transfer between the orbitals of the metal 

and the inhibitory molecule, which leads to the formation of much more stable because they 

are based on higher binding energies. [16]. 

Generally, the transfer donor molecule / acceptor metal; there is also the transfer where the 

metal is the electron donor and the molecule the acceptor [16]. Chemisorption is a, 

irreversible and specific phenomenon for each metal. It's a fast process, depending on 

temperature and characterized by high activation energy. 

II.5. ORGANIC INHIBITORS 

Organic corrosion inhibitors are complex mixtures of different molecular compounds. 

Organic inhibitors affect both anodic and cathodic areas of corrosion cells. They create an 

organic film on the entire metal surface. Their effectiveness depends upon the following 

conditions:[26]. 

 The electrical potential of the metal 

 The chemical structure of the inhibitor molecule 
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 The size and shape of the inhibitor molecule.  

The molecule of organic inhibitor corrosion consists of a hydrocarbon chain attached to a 

strong polarity functional group. [26] The hydrocarbon chain of the inhibitor molecule is oil 

soluble. This chain provides a barrier that keeps water away from the metal surface.   

Polar functional groups are based on nitrogen, sulfur, or oxygen. Petroleum industry used the 

organic inhibitors containing at least one nitrogen functional group. [26]. Often, these 

nitrogen inhibitors interact with organic acids, or they contain oxygen functional groups. The 

amino portion (NH2) of the molecule is soluble in water and has a pair of unshared electrons. 

These electrons are available for bonding with metal surfaces. [26]. 

 

 

Figure.II.5. Organic inhibitors molecule. [26] 

 

Molecules of the organic inhibitor attach to metal surfaces by both chemisorption and physi 

sorption. Most of the metal is covered with adsorbed water molecules, when the metal is in 

contact with an aqueous solution. In the presence organic inhibitor in the system, the unshared 

electrons in the polar amine group form a chemisorption bond with the metal surface. This 

bond operation displaces water molecules and other corrosive agents from the metal surface. 

Hydrocarbon chains have important role in the inhibition process [26].  

The hydrocarbon chains are soluble in oil and attract crude oil molecules in the process 

stream. Figure.II.6 shows the molecular structures. 
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Figure.II.6. Molecular structure of some organic inhibitors. [26] 

These are organic compounds which contain a polar group such as NH2 (amino group), these 

compounds (RNH2) adsorb on the metallic surface and isolate it from the corrosive solution  

(usually acids). 

 

II.6. STEEL SURFACE ADSORPTION   

The inhibitors absorption are accepted on the surface of the steel in aim to inhibit corrosion 

caused by chemical reactions between the iron steel and their environment [27]. In this case, 

we are study the efficiency of it by experimental mechanical test of steel, such as the Charpy 

testing, drop weight test, three points bending test, and tensile testing [28]. We present some 

mechanical properties obtained from curves data and have been used in aim to determine the 

properties mechanical of API 5L X52 and X65 steel in HCl acid media with and without 

green inhibitors [29-31]. We find the adsorption efficiency is associated with increased the 

percent of the green corrosion inhibitors in acid media HCl [32]. Adsorption form inhibitor to 

the metal/solution interface, which is the driving force for the adsorption of inhibitor on steel 

surface [33].  

General inhibitor combine with metal ions M+2 on surface as a result of metal oxidation or 

dissolution process, forming metal inhibitor complex [34]: 

𝑀 → 𝑀+2 + 2𝑒−  Equation.1.II 

𝑀+2 + 𝐼𝑛ℎ(𝑎𝑑𝑠) →  [𝑀 − 𝐼𝑛ℎ](𝑎𝑑𝑠)
+2                                                                          Equation.2.II 
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Depending upon the relative solubility of the resulting complex, it can further may inhibit or 

catalyze further metal dissolution. [35-37]. It is generally accepted that in the absence of the 

corrosion inhibitor, the acidic solution is in contact with the metal and porous film surface 

causing corrosion as a result of metal dissolution. Whereas in the presence of inhibited 

solution, the active or in open sites in the porous film are almost blocked by the adsorption of 

the inhibitor resulting a barrier or a passive layer suppressing further corrosion [37].  

The prevention of corrosion reaction over the active sites of the metals surface occupied by 

the adsorbed corrosion inhibitor species, where corrosion reaction normally occurred on the 

corrosion resistance-free area. [38-39]. Adsorption mechanism is usually explained through 

the help of different adsorption metal inhibition by organic compounds as a result of the 

adsorption of (molecules and/or ions) at solid surface [33]. In the presence of inhibitor, the 

corrosion rate is sufficiently diminished, then the steady state adsorption. [7]. 

II.7. ROLE OF GREEN CORROSION INHIBITORS  

II.7.1 EFFECT OF CORROSION INHIBITORS  

Corrosion inhibitors are of great importance to large researchers in many industries of the 

field of oil and gas to protect pipelines against the corrosion of internal metal surfaces that 

come into contact with liquids. Aggressive acidic solutions is used in petroleum industries and 

applications for the aim of cleaning pipelines, rescaling, and petrochemical industry. For 

example, hydrochloric acid is used in the pickling processes of metals. In recent years, natural 

compounds such as herbal plants are employed as inhibitors in order to develop new cleaning 

chemicals for green environment.[40]. Several studies have been reported in the use of natural 

products as corrosion inhibitors in different media [40].   

Today one of the good and effective methods to prevent corrosion in oil and gas industry is to 

use organic inhibitors [41]. These organic inhibitors are extracts from Plant, and are viewed as 

environmentally friendly and ecologically acceptable inhibitors.[41]. Plant products are low-

cost, readily available, and renewable sources of materials. The extracts from their leaves, 

barks, seeds, fruits, and roots comprise of mixtures of organic compounds containing 

nitrogen, sulphur, and oxygen atoms. Plant extracts that contain many families of organic 

compounds (flavonoids, alkaloids, tannins, etc.), readily available and renewable, are shown 

to be effective and are presented as new '' green '' formulations for many metals and alloys, 

which can replace toxic compounds.[39-42]. The Natural inhibitors are often water soluble 
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and biodegradable. A great number of scientific studies have been devoted to the subject of 

corrosion inhibitors for mild steel in acidic media [42].  Abdelkader. K. et al has study the 

Mentha pulegium extract, in aim to control the corrosion steel in acid medium, they are find 

the highest  inhibition efficiency of 84.34 % was observed with single M. pulegium extract at 

33 %. [43]. And from the region of Chlef Algeria, Fares C. et al. Was studied the efficiency of 

green inhibitor (Ruta Chalepensis) in HCl media by (97.72%) was noticed for 30% in 1M HCl 

solution. [44]. 

II.7.2.EFFECT OF CORROSION INHIBITORS ON MECHANICAL PROPERTIES   

Pipelines are used to transport oil and gas, but they face many problems. Such as 

fractures, stress, corrosion, fatigue, failure, and external / internal corrosion. Protecting these 

pipes against these problems is possible, by improving the service conditions such as 

diameters, pressure, surface roughness and internal service temperature. For these reasons we 

present the importance of this study, that is a modern idea, and modern method study the 

efficiency of green corrosion inhibitors to inhibit the internal corrosion of the gas and oil 

pipelines. Some mechanical tests of properties mechanical of steel samples grad X52 and X65 

are immersed in acid solution media with different percent of these green inhibitors.  In order 

to know the effect of these inhibitors to limit the acidity factor or to reduce the reaction rate of 

the acid medium with the internal surface of the gas and oil pipeline, we have obtained very 

good results, promising and encouraging. These results are more detailed in the last chapter of 

this thesis. To our knowledge, we are the first to study the effect of corrosion green inhibitors 

on the mechanical properties of steel pipes.  

II.8. CONCLUSION  

Corrosion inhibitors are one of the methods used against the corrosion problem, to protect 

and/or prolong the life of metallic structures. The scientific literature on corrosion inhibitors is 

huge, but the vast majority of it deals with fundamental studies of corrosion inhibition or 

industrial applications (chemical industrial, corrosion pipelines oil and gas).  Protecting 

metals from corrosion is very important, study the different corrosion inhibitor concentrations, 

in order to obtain the optimal concentration of corrosion inhibitors in the aim to protect the 

structure of oil and gas pipelines and thereby avoid potential risks. 
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III.1. INTRODUCTION 

In this chapter, we present the materials and methods used in this experimental study. 

First, we will present API 5L X52 and X65 steel pipes, their chemical composition and their 

microstructures.  Several mechanical tests are also presented along with the methodology 

adopted.   The first one test is the Charpy test, the second is the Drop weight test, the third is 

the three point bending test, and the last one is tensile test. 

 

III.2. PRESENTATION OF API 5L X52 AND X65 STEEL GRADES 

III.2.1. API 5L X52 STEEL GRADE 

API 5L X52 steel pipes was the most common gas pipeline material for transmission of 

oil and gas during 1950 until our days.  The material is delivered as tubes which are 

manufactured by hot rolling.  

The specimens used in this study, come from a pipeline manufactured for SONATRACH.  

This pipe is of 610 mm outer diameter and 11 mm thickness (Figure III.1) and has been in 

service for 20 years.  The specimens were machined both from the transverse and the 

longitudinal direction.   

 

Figure. III. 1.  API 5L X52 steel pipe scheme 

 

 

 

11 

610 
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III.2.2. CHEMICAL COMPOSITION OF X52  

Chemical composition is given in Table III.1.   

Table III.1 Chemical composition of API 5L X52 steel. [2] 

C Mn Si Cr Ni Mo S Cu Ti Al Fe 

0.22 1.22 0.24 0.16 0.14 0.06 0.036 0.19 0.04 0.032 97.66 

 

III.2. Mechanical properties of API5L X52 steel [1-2] 

Yield stres 

σy (MPa) 

Ultimate 

strength 

σσul (MPa) 

Elongation 

% 

Reduction 

of area 

% 

Fracture 

toughness KIc 

(MPa√m) 

410 528 30,2 57 116.6 

The mechanical properties are determined from Stress strain test of X52 pipe steel [2]. 

III.2.3.MICROSTRUCTURE ANALYSIS OF THE API 5L X52 STEEL 

Visual inspection, optical and scanning electron microscopy are used to explore the 

microstructure of the material under study.  These observations are necessary to have a good 

knowledge of the properties of the steel.  Also, microstructure analysis gives information 

about the steel.   

Figure III.2 and Figure III.3 show the microstructure of the API 5L X52 steel in different 

directions. Three senses are chosen: the longitudinal or rolling direction (L), the 

circumferential direction (T) and the direction of the thickness (E).  The surfaces observed 

were polished up to 1 μm, cleaned with acetone and dried.  The presence of non-metallic 

inclusions can be observed directly on the polished surface.   

To visualize the different phases of the microstructure, a chemical or electrochemical 

attack is performed.  The material was treated by Nital (4% HNO3 solution in ethanol) for 

few seconds.  After this attack, ferrite appears under an optical microscope as a white phase, 

however pearlite is darker.  As shown in Figure III.2, the structure in the longitudinal 

direction is formed by alternating ferrite (F) and pearlite (P) rows arranged almost regularly.   
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 Figure. III.2: Microstructure of samples of X52 steel in the longitudinal direction. [3]. 

 

 

Figure. III. 3: Microstructure of samples of X52 steel. (left) the surface in the 

circumferential direction (right) the surface in the thickness direction. [3] 

 

The observation of the steel has revealed significant microstructure changes between the 

skin and the heart.  This is particularly visible in the sense of the thickness.  As shown in 

Figure III.3, the formation of beads of martensite (metastable phase) is also noticed in the 

sense of thickness, and these are the preferential crack initiation sites.  Figure. III.3 shows 

also that the steel in the circumferential direction, is generally composed of alternating rows 

of ferrite and pearlite formed by segregation during the solidification.  The amount of pearlite 

is lower, and the effect of the rows is not so marked.  

Purity analysis showed that API 5L X52 steel contains two types of inclusions: globular 

oxides and elongated manganese sulphides shown in Figure III.4.  The surface of the samples 

were polished and observed under an optical microscope with 500x magnification. The 

sulphide inclusions present in the material, with a high content (0.036%), influence both the 

Ferritic 

Pearlite 
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purely mechanical aspect of crack propagation and the aspect related to the effect of the 

aggressive environment. 

 

Figure. III. 4: X52 steel inclusions: globular oxides (left) and manganese sulfide (right) 

visible on the polished surface. [3] 

To calculate the grain size, an optical microscope instrumented by a digital camera was 

used.  Images and dimensions are processed through software calculation 'Analysis'. Table 

III.3 shows the different measurements in different directions of the pipe [3].   

Table III.3.  Summary of grain sizes in different orientations. 

 

Orientation 

 

Magnification 

 

Number of 

grains 

 

Size (μm) 

Minimum Maximum average Standard 

deviation 

Longitudinal  

500 

157 - - 7.88 - 

Transversal 156 1.31 29.02 7.78 4.35 

Thickness 147 0.98 24.36 9.29 5.22 

 

III.2.4. API 5L X65 STEEL GRADE 

API 5L X65 pipe steel is a widely used steel in the European pipe network (25%) with a 

minimum yield strength of 448 MPa (65 psi). Its chemical reference composition is given in 

Table III.4.  The mechanical properties of API 5L X65 steel issued from reference [4] are 

reported in Table III.5.   
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Table III.4. Chemical composition of API5L X65 steel 

C Mn Si Cr Ni Mo S Cu Ti Al Fe 

0.14 1.5 0.231 0.016 0.25 0.25 0.005 0.001 0.003 0.04 97.564 

 

Table III.5.  Mechanical properties of API5L X65 steel [4] 

Yield stres 

σy (MPa) 

Ultimate 

strength 

σσul (MPa) 

Elongation 

% 

Reduction 

of area 

% 

Fracture 

toughness KIc 

(MPa√m) 

Hardness 

HV 

465 558 11 57 280 205 

 

The mechanical properties are determined from Stress strain test of API 5L X65 pipe steel 

 

Figure III.5. Microstructure of the pipe section of API 5L X65 steel. 

Figure III.5 shows that the microstructure is composed of fine grains of ferrite base and 

pearlite colored in white and black, respectively. 

The difference between the API 5L X52 and X65 grades is the mechanical properties such   

as the yield strength, ultimate strength, and elongation. 
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 III.3. CHARPY MECHANICAL TEST 

Charpy impact test is a convenient and low cost mechanical test.  It has been widely used 

to evaluate the fracture toughness of metallic materials under large deformation and high 

strain rate loading [5].   

Two indexes could be determined from the testing.  The total energy and the fracture 

toughness.   

The instrumented impact tests on Charpy V-notch specimens are standardized in 

international test standards such as ISO 14556 [6] and ASTM E2298 [7].  According to these 

standards, the analysis of an instrumented Charpy test consists of the determination of 

characteristic time, force, displacement, and absorbed energy values corresponding to the 

following events described in Figure III. 6.   

 

 

Figure. III. 6.  An example of instrumented Charpy test in ductile-to-brittle transition regime. 

 general yield, or yielding across the entire specimen ligament; 

   maximum force; 

  initiation of brittle (unstable) fracture; 

 arrest of brittle (unstable) fracture, or crack arrest; 

 Test termination. 
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The force of general yield (FGY) is defined as the force at the intersection of the linear 

elastic part and the fitted curve through the oscillations of the force-displacement curve 

following the onset of general yielding of the cracked ligament.   

 

III.3.1. OBJECTIVES OF THE CHARPY TEST 

A series of Charpy V-notch impact tests were conducted to determine the fracture 

toughness of the provided API 5L material specimens immersed in different solution. This 

properties will be determined by equations in chapter IV. 

III.3.2. CHARPY MECHANICAL TEST MACHINE 

In this study, Charpy mechanical tests were conducted on a RKP 450 from ZwickRoell 

machine (Figure III.7).  Instrumented Charpy hammer was used with the following 

characteristics:  

 the measuring range of the device was from 0 J to 450 J  

 digital readout on PC with resolution of 0,01 J 

 The impact velocity was between 5 m/s to 5,5 m/s 

 nominal impact force appears between 10 kN and 40 kN 
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Figure. III.7. Instrumented Charpy testing machine RKP 450. 

III.3.3. PRINCIPLES OF CHARPY MECHANICAL TEST 

Impact Charpy test is carried out to determine the behavior of materials under impact 

stress.  The amount of the absorbed impact energy indicates the “toughness” or the “fragility” 

of the material [8].  The energy needed for the fracture of the sample, which dimensions are 

standardized (ISO 14556), is called absorbed impact energy and it is determined by the 

following formula [9]: 
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𝐾𝑈 𝑜𝑟 𝐾𝑉 = 𝐺(ℎ1 − ℎ2)       Equation III.1 

Where the KU or KV is the absorbed energy (specimens with U or V notch), G is the 

weight of the hammer; h1 is the initial height of the hammer and h2 is its final height.  

Figure. III. 7. Depicts a schematic view of the test.   

 

 

 

Figure. III.8 Description of the Charpy mechanical test. 

 

III.3.4. CHARPY TEST SPECIMENS 

In this study, only V-notch specimens were used.  V-shaped notch machining is 

performed by a slot machine.  Tests were carried out on standard sizes of 55/10/10 mm3, V-

notched depth of 2 mm, made at an angle of 45° ± 2°.  All measurements were within the 

limit values defined in the standard ISO 14556 
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Figure. III.9 Scheme of Charpy impact test specimen 

The specimen’s preparation for Charpy test was performed on samples extracted from 

the pipe tube of 610 mm diameter and 11 mm thickness.  We cut a rectangle of 400/55 mm 

from the pipe.  Then a specimen of 10/10/55 mm was machined.  Finally, a V-notch of 2 mm 

depth at an angle of 45° ± 2° was performed with a broaching machine.  The process is 

described in Figure III.10.  

 

 

Figure.III.10 Charpy test specimen preparation  

 

  

 

 

 

 

 

(

d) 
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Before immersion in different solutions, the specimens were protected by a layer of 

varnish except the notch. 

III. 4. DROP-WEIGHT TEST  

The main research interest, in this study, is to assess the effect of green inhibitor of absorbed 

energy by specimens immersed in different concentrations from both X52 and X65 pipe 

steels, up to the penetration of the specimens by an impactor. This is to use the drop-weight 

test.  The objectives of the drop-weight-test are to establish a consistent quantification of the 

fracture response of the material to the energy absorbed by the specimen.  Drop weight 

machines are in use to conduct test at low velocity impact loads.  

III. 4. 1. DROP-WEIGHT TEST PRINCIPLE 

The drop-weight test is illustrated in Figure III.11.  The input energy is determined by the 

weight of the steel disk (M) that is dropped on the specimen from a level (h1).  The drop 

height (h) is the difference between the final (h2) and the initial (h1) position of the steel 

weight.  The machine principle is based on the impacts produced by dropped mass in free fall 

velocity under gravity which is given by:  

𝐸 = 𝑀𝑔(ℎ1 − ℎ2)            Equation III.1 

Where: M, g, h1 and h2 are the mass of the dropping disk, the acceleration due to gravity 

(m/s2), the height of the dropping mass and the height of the specimen, respectively.   

 

Figure III.11. Simple illustration of the drop-weight test machine 
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III. 4.2. DROP-WEIGHT TEST MACHINE 

The drop weight machine is shown in Figure III.12.  The drop weight test facility consists 

of various devices which are used to measure the velocity, the force and the displacement of 

the impactor to calculate the energy absorbed by the specimen under the test. The details of 

the instrumentation employed for the purpose is explained below:   

 Maximum impact velocity=6m/s ; 

 Maximum impact energy=340J; 

 Single impact in all testing conditions; 

 Possibility of varying impact energy and velocity independently; 

 

 

Figure III.12.  Drop weight test machine. 
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In this work, the testing methodology consists of a heavy anvil (21 kg) equipped with a 

mechanical clamping support fixture to fix the specimen, and a drop tower with two vertical 

rod guides on which the impactor runs by means of two roller bearings. A pneumatic braking 

system captures the falling mass after the first rebound in order to prevent multiple impacts on 

the specimen. By varying the falling mass and the drop height different impact energies and 

velocities can be obtained, in order to study their influence on impact effects.   

III. 4. 3. IMPACTORS OF DROP-WEIGHT TEST 

The impactor shapes are chosen so as to limit their deformability as much as possible and 

to assure their main function of transferring energy to the specimen without absorbing can be 

replaced, allowing us to study the in influence of the size and shape of the indenter on the 

impact. Figure III.13 illustrates a schematic view of the impactor in the drop weight test.   

 

Figure III.13: Schematic of the drop weight test 
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III.5.THREE POINT BENDING TEST 

           There are several reasons why the three-point-bending test is used extensively in 

material characterization, of specimen preparation and testing, ease of adaptability to 

environmental testing, convenience for fracture toughness studies, and the availability of well 

documented simple formulas for analyzing materials having equal tension and compression 

properties [10-12].  

Another important reason is that the three-point-bend test is a simple way to subject a 

specimen to tension, compression, and shear simultaneously. In this sense, a three-point-bend 

test provides a direct measure of the structural integrity of the material. 

The 3-point bending test measures the breaking strength of a material. A test piece of the 

material to be tested is placed on two supports and a growing force is applied to the center of 

the bar until the rupture. Like the compression test, the bending test does not generally 

achieve the complete breakdown of ductile materials. [13] 

This test is characterized by the simple assembly of the test pieces and its simple 

geometry. During the test, the upper part is in compression and the lower part is in traction.  

 

III. 5. 1. THREE POINT TEST MACHINE 

These tests were carried out on a WP 310 reaction machine, in agreement with the 

European standard (ISO 12135).  Figure III.14 shows the three-point bending test machine, 

the specimen geometry is placed in a fixture attached to a materials testing machine and 

loaded until broken. 
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Figure. III. 14. Three-point bending machine, PW 310 universal machine 

The force and displacement are displayed numerically and can be sent to a computer for 

operation. A control box allows to adjust the speed of movement, the maximum force and to 

control the hydraulic unit. 

III. 5. 2. THREE POINT BENDING TEST SPECIMENS  

The dimensions of the specimen of three point test are the same used in the Charpy test. In 

this study, the specimens were V-notched with the dimensions of 55/10/10mm for length, 

width and thickness, respectively.  The specimens are schemed in Figure III.15.  In this 

Figure, the dark lines depict the evolution transition of the test. The specimens geometry is  

place on two  support  points,  and  a  third  (loading)  point  applies  a downward  load  at  the  

mid-specimens.   
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Figure III.15. Scheme of the three point test specimens  

 

III. 5. 3. MECHANICAL PROPERTIES MEASURED BY 3-POINT BENDING TEST 

A plot of the load vs. displacement data is generated for analysis as shown in Figure III.16.  

From the load-displacement plot, we derive a number of parameters that describe the 

structural properties of the API 5L X52 steel. The five parameters recommended for a basic 

description are: the stiffness, the yield load, the maximum load, the post-yield displacement 

and the work-to-fracture.  
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Figure. III.16: Load-displacement plot from a bending test of a specimen of API 

5L X52 steel. 

 

In this work, only the maximum load was determined from data as function the displacement. 

III. 6. TENSILE TEST  

The Tensile test is a mechanical test to determine the tensile properties of a material, such 

as, the elastic deformation properties (elasticity modulus), the strength properties (yield 

strength and ultimate tensile strength) and ductility properties (elongation).  The tensile test is 

useful for the estimation of the difference in behavior of the mechanical properties between 

the different specimens subjected to different treatments (acidic media, green corrosion 

inhibitors, synthetic corrosion inhibitors…etc.).  

III. 6. 1. THE TENSILE TEST MACHINE  

An electric Zwick/Roell Z250 static traction machine, shown in Figure III.17, of a 

capacity of 250kN, has been used for carrying out the standardized characterization tests of 

the Young's modulus, yield strength, ultimate strength and elongation at break…etc.).  
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 Figure III.17. Electric Static Traction Machine Zwilck/Roell Z250 

This machine is equipped with pneumatic jaws allowing solicitation of flat specimens 

of thickness ranging from a few tenths of a millimeter to 15mm.  Longitudinal and 

transverse deformation is monitored by a video extensometer. 

  III. 6. 2.  TENSILE TESTING SPECIMENS  

The tensile test specimens were performed on samples extracted from a tube of 610mm 

in diameter and 11 mm thickness.  A rectangle of 400/55 mm was cut from the tube.  

The specimens were then cut according to the NF EN 10045-1 standard.   
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All test specimens were machined longitudinally with respect to the rolling direction to 

the dimensions specified by the thickness of the pipe (11mm).  The geometry of the 

specimens is schemed by Figure III.18 and the dimensions are indicated in Table III.7. Figure 

III.16 shows the rectangular sample cut from the tube and the machined test specimens.   

 

Figure.III.18. The specimen Geometry For Tensile Testing. 

Table III-6: The Specimen Dimensions 

Tensile Specimen machined from a ∅𝟔𝟏𝟎 pipe 
Total Length  𝑳𝒕 150 mm 

Calibrated Length 𝑳𝒄 60 mm 
Useful Width: b 10 mm 
Head Width: d 20 mm 

Head Length : C 20 mm 
Radius : R 12 mm 

Thickness  : e 11 mm 

 

 

 

Figure III.19.  The rectangular sample (left) and the tensile specimens (right) 
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III. 6. 3. MECHANICAL PROPERTIES MEASURED BY TENSILE TEST 

A plot of the stress vs. strain data is generated for analysis as shown in Figure III. 20.  From 

this curve, several parameters could be determined.  The elastic limit, the ultimate tensile 

strength and the fracture point.  In this work, the elongation is calculated.   

 

Figure III.20: Stress-strain curve of a API 5L X52 steel 

 

The stress is related to the strain in the elastic mode by the well-known Hook equation below:  

 

𝜎 = 𝐸𝜀                    Equation III.3 

 

Where: σ, E and ε are the stress, the Young's modulus and the strain respectively.  The stress 

is determined by:  

𝜎 =
𝐹

𝐴
                                                                                                                     Equation III .4 

Where: F and A are the force and the section area, respectively.  The strain is determined by:  
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𝜀 =
𝐿

𝐿0
                                                                                                                     Equation III.5 

Where: L and L0 are the length of the specimen under the test and the original length, 

respectively. 

III.7.THE PREPARATION METHOD OF THE GREEN CORROSION 

INHIBITOR 

III.7.1. PRESENTATION OF THE PLANT 

"Green" inhibitors, as a solution for anti-corrosion to protect pipes are obtained by 

extraction solution from natural plants. This green name's Ruta Chalepensis shown in Figure 

III.21. A significant amelioration of mechanical properties is obtained by using this Ruta 

Chalepensis and is attributed to an inhibitor film on surface. 

 

            

Figure. III.21.Green and dried plant leaves process 

III.7.2. EXTRACTION METHODOLOGY 

The extraction of the corrosion inhibitor was done by 10 (g) of the plant leaves Ruta 

Chalepensis, this 10 (g) was put in 1M of HCl and was then heated to boiling point. The 

aqueous solution is filtered. This solution is used to prepare solutions of different 

concentrations.   

The corrosive medium that a 1M hydrochloric acid solution, is obtained by diluting the 

commercial concentrated 37 % HCl acid with distilled water.  That by mixing 83 ml of HCl 

with 917 ml of distilled water  
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Figure. III 22.Acid grade 37% HC, Heating operation of the dried plant leaves 

III.7.3.THE PREPARATION OF THE TESTING MEDIA 

Different concentrations of the extract of corrosion inhibitor, were prepared by diluting 

the stock solution with the respective of 1 M HCl, and in the same time we are prepared   30% 

of the synthetic inhibitors, for example the preparation of 100 mL (green inhibitor + 1 M HCl 

solution) is presented by this way:   

 3%  : 3mL oil extraction with 97 mL of acid solution (v/v) ; 

 5%, : 5 mL oil extraction with 95 mL of acid solution (v/v); 

 10%, : 10 mL oil extraction with 90 mL of acid solution (v/v); 

 20% : 20 mL oil extraction with 80 mL of acid solution (v/v); 

 30%, : 30 mL oil extraction with 70 mL of acid solution (v/v); 

 With the same amount of hydrochloric acid solution, the second and third solution are 

obtained, but with 30 % concentration of different synthetic inhibitor obtained from 

SONATRACH 
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IV.1. INTRODUCTION  

In this chapter, we present the results and discussion for the experiments carried out 

on API 5L X52 and X65 grades pipeline steel.  In the first part, a macroscopic and 

microscopic examination of the surface of the under study materials are presented.  

Corrosion inspection of the surface of the steel was done with visual observation and 

both optical and scanning electron microscopes.  

The aspect of the surface in relation with the mechanical properties is highlighted.   

In the second part, we present the mechanical tests carried out in this study. Four 

mechanical tests were made.  The fracture toughness Jc was determined from Charpy 

test by the equation IV.11 (dynamic test), the drop point test was carried out to estimate 

the energy absorbed by the specimens, the displacement was determined by three point 

bending (static test).  Finally, the stress-strain relation was determined from tensile tests.   

All the specimens were machined from an API 5L X52 and X65 steel grades taken 

from a gas transport pipe manufactured for Sonatrach in the transverse direction.  This 

pipe is of outer diameter of 610mm and 11mm thickness. 

IV.2. ANALYSIS OF CORROSION CAUSES 

Pipeline of oil and gas transportation as faces many problems caused by internal 

fluids such as natural gas, oil, and water[1-2].   

Internal fluids are a cause of the internal failures of component pipe network. Due to 

the effect of the fluid contents, metal chemical composition, microstructure, 

manufacturing and service defects.  

The internal corrosion is one of the terrible failure of the gas and oil network 

transportation. Many studies and reports confirmed the internal corrosion come from the 

internal reaction between the internal surface of the pipe and chemical compounds such 

as carbon dioxide (CO2), and hydrogen sulphide (H2S). These compounds are 

responsible for various degrees of mechanical properties degradation [3-7].   
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From this case, we present in this section the scenario of pipe failure by some 

analyses below in the first part of this experimental study. At the end, some suggestions 

and recommendations is noted. 

VI.2.1. VISUAL OBSERVATIONS 

The schematic of the location of a failed pipe and the general view are presented 

respectively in the Figure IV.1 and Figure IV. 2. 

 

 

Figure IV.1. Schematic view of process diagram and the rupture location at the 

third stage. [8] 

 

 

 

Figure IV. 2. General view of a failed gas pipe; (a) External surface and (b) internal 

surfaces [8] 

 

 



Chapter: IV                                                                              Results and Discussion 
 

64 
 

Figure IV.2 (a) shows the crack on the ruptured external area and. Figure IV.2 (b) 

shows the two halves of the internal surface of the pipe.  

The first half at the right (b) is the bottom part of the pipe at 6 o'clock position, where 

the internal surface crack is shown. The second half at the left (b) was the top part at 12 

o'clock position, where the pitting corrosion is shown.  

The bottom part confirmed the longitudinal crack as indicated by the white arrow in 

Figure IV. 2 (b).  

IV.2.2. OPTICAL MICROSCOPE EXAMINATION 

IV.2.2.1. EXTERNAL SURFACE 

 

Magnified ruptured area of the external pipe surface is presented in Figure IV.3 [8].  

This image shows the bulge of the pipe from the internal surface to the external 

surface.  This bulge indicate that the model of this fracture is a ductile.  

 

Figure. IV. 3. Macroscopic observation on the external pipe surface  

(50X magnification). 
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IV.2.2.2. INTERNAL SURFACE 

Macroscopic investigation on the internal surface of the pipe was carried out to verify 

the wall internal condition. The verification of the wall internal condition shows the 

pitting corrosion was present on the pipe wall as shown in Figure IV.4 [8].  

 

Figure IV.4. Macroscopic observation on the internal pipe surface showing pitting 

corrosion (50X  magnification)[8] 

 

Image in Figure IV.5 presents a crack evaluation. At the symbol I the initiated crack 

of the pipe is in the circumferential evolution direction and after that at the symbol II, 

the crack was changing to the longitudinal direction. 

 

Figure IV. 5. General view of the crack on the internal surface of the pipe  

(100X magnification)[8] 
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The angle deflection crack is circumferential to longitudinal is clearly observed in 

this image indicated by black arrows. In general, the crack direction is propagated from 

the corroding area, and stopped at the front. Reduction of the thickness of the pipe is 

clearly noticed to a border of the area due to internal corrosion.  Figure IV. 6 shows the 

crack propagation path, crack tip, and the wall reduced thickness  

 

Figure IV. 6. Close view at the internal surface of the pipe shows the crack tip and 

the preferable path for the crack growth (150X magnification)[8] 

 

 

Figure IV. 7. Thickness difference between slightly corroded and ruptured area 

(150X magnification)[8] 
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Macroscopic investigation of the thickness area at the rupture and the area away from 

the corroded zone is shown in Figure IV.7. We noted the thickness of the corroded area 

by the symbol. I. and the thickness at the ruptured area by the symbol. II. This 

examination shows around   90% of the original thickness was lost due to internal 

corrosion  

IV.2.3. SCANNING ELECTRON MICROSCOPY EXAMINATION  

Image of scanning electron microscopy was taken on the crack initiation zone as 

seen in (I) Figure IV.8. These observations of both optical and electron microscopy show 

the ductile fracture mode. The presence of bulge on the external surface supported these 

observations. 

 

Figure IV.8. SEM image on the fracture surface. [8] 
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IV.2.4. CHEMICAL ANALYSIS BY XRD 

Chemical analysis of the corrosion product was performed by X-ray diffraction 

(XRD) technique by Ital structures APD 2000 diffractometer, using Cu-Kα radiation.  

The metal analyzer detected that the pipe chemical composition contains elements in wt 

% of 0.17C, 0.206Si, 1.02Mn, 0.095Cr, 0.034Ni, 0.028Mo, 0.015P, 0.036Al [8].  

 

Figure IV. 9. XRD analysis of corrosion product [8] 

The diffractogram shown in Figure IV.9 indicates the presence of iron sulphide at 

17, 30, 39, 49, 50, 53° 2 [9] and iron carbonate at 25, 32, 37.2, 42.2, 46, 51, 53, 62, 65, 

69, 74° 2 [10-11].  These two corrosion products are often the result of the chemical 

reaction between iron and wet H2S and CO2 as schemed below.  These observations 

coincide with the experimental observations made by Schmitt et al. [12].   

H2S+H2O  2H++S2-                                                                                                             Equation. IV.1 

Fe + 2H+   Fe2+  + H2 (g)                                                                 Equation. IV.2 

Fe2+ + S2-  FeS (iron sulphide)                                                       Equation. IV.3 

CO2 + H2O H2CO3                                                                                                              Equation. IV.4 

H2CO3 + H2O 2 H+ + CO3
2-                                                                                           Equation. IV.5 

Fe + 2H+  Fe2+ H2 (g)                                                                      Equation. IV.6 

Fe2+ +CO3
2- 
 FeCO3 (iron carbonate)                                              Equation. IV.7 
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IV.2.5. CORROSIVE FLUID 

Internal corrosion of the pipe wall is due to the presence of hydrogen sulphide, and 

carbon dioxide. Reduction of the pH caused by the reaction between internal surface of 

the pipe and the hydrogen sulphide H2S and/or carbon dioxide CO2   leading to the pitting 

corrosion and acid attack. Reduction of pH caused the increase of the corrosion evolution 

in gas pipelines the components of the iron sulfides FeS and iron carbonic FeCO3 come 

from the activation of iron in solution. 

This interpretation is confirmed by the experimental results in the literature [14-17].  

The absence of corrosion inhibitor or internal coating, to protect the internal surface from 

the attack of fluids resulted in pitting and general corrosion of it.  

IV.2.6.METAL WALL THICKNESS REDUCTION  

Visual and microscopic analysis show the reduction of the wall thickness due to the 

pitting corrosion of the internal surface. This reduction leading to the degradation of 

the integrity of this pipe.  

Carbonic acid (H2CO3) and hydrogen sulphide (H2S) solution caused the corrosion 

reactions. Tendency to pitting corrosion of low alloy steel in carbon dioxide CO2 

increased in the temperature range of 70 to 110ºC [3].  

Electrochemical corrosion cells created by the corrosive acid on the pipe surface 

leading to metal thickness reduction at the anodic area. At the 6 o’clock position of the 

pipe, high rate of metal loss is located. Because this position was also in contact with 

wet, and fluids during the pipe service    

IV.2.7.FINAL RUPTURE 

The acceleration of the crack path front is initiated at the thinner area of the pipe 

when the failure happens. This interpretation is in agreement with the observations 

displayed in Figure IV. (2-6) obtained by visual and microscopic examinations.  

The internal pressure lead the crack propagation to be perpendicular to the internal 

hoop. The crack propagated faster due to the less metal at the thinner area.  As the crack 

propagates, the pipe bulged out and split.  
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The bulge explaining the failure is a ductile mode. The observed ductile fracture 

morphology is in agreement with visual and microscopic observations. The metal tearing 

at the fracture surface is in ductile mode as described in reference [17-18].  

IV.2 .8. THE CORROSIVE EFFECT OF HCl 

HCl is a strong acid with a corrosive effect on metals.  It is used in this study to 

simulate the sour environment caused by H2S and CO2 in the hydrocarbons fluids.   

A cubic sample of 10.05 g of API 5L X70 steel was immersed in 1.2M HCl solution 

for 10 days at 25°C.  The sample was mechanically abraded with Emery paper, washed 

thoroughly with bi-distilled water, degreased with ethanol, dried and weighed before 

immersion in HCl.   

After 10 days of immersion in HCl, the remaining weight was 9.25 g with 80 mg/day 

weight loss rate.  This result suggests that, in 10 days, the steel loses 7.96% of its weight 

in the acidic solution.  The surface of the metal was corroded by the effect of HCl and 

reflected by a weight loss and a dimension reduction.   

This result corroborate the discussion given above for the rupture mechanism under 

a corrosive fluid.   

IV.2.9. CORROSION RATE  

To explore the kinetics of the corrosion reaction, the API 570 formula of long period 

corrosion rate were applied to the pipe. These methods are presented in the Annex .  The 

parameters used in the calculation are: 

1. Partial pressure: 335 psi 

2. Temperature: 110°C 

3. Nominal thickness: 6 mm 

4. CO2 percentage: 7.44 ppm 

5. H2S percentage: 0.01 ppm 

6. The service period: one (01) year 

In API 570 formula calculation, the parameters mentioned above were inserted in 

the software and corrosion rate was calculated [8].   

The results show that, under these conditions, the rate of corrosion is 5.1 mm/y (the 

remaining thickness of 0.9 mm) by API 570 formula, respectively.  
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IV.2.10. RECOMMENDATIONS 

The end user of such pipes in similar conditions can meet the following 

recommendations in order to mitigate this kind of degradation to reoccurrence.  

1. Preventing any type of wet is necessary to avoid internal corrosion of the gas 

pipe. 

2. Field survey of fluid chemical analysis, pH measurements and recording of the 

pipe thickness survey are important to keep extend the pipe life time.  

3. Upgrading the pipe material to high corrosion resistant alloys is an option to 

mitigate the corrosion risk.   

4. The existing codes and standards dedicated to the transport of fluids in pipelines 

have revealed that suitable guidelines for oil and gas transportation are not 

available and need to be revised [19]. 

IV.3. MECHANICAL TESTS 

From the second part of this experimental study, we presented mechanical tests of 

the API X52 and X65 steel, such as Charpy test,  Drop weight test, Three points bending 

test, and Tensile test, to study the effect of the green  corrosion inhibitor (Ruta 

chalepensis), on these steel immersed in HCl acid media. 

IV. 3. 1. CHARPY TEST (DYNAMIC STUDY)  

A standard Charpy impact machine is used as detailed in Chapter III.  This machine 

consists essentially of a rigid specimen holder and a swinging pendulum hammer for 

striking the specimen. Impact energy is simply the difference in potential energies of the 

pendulum before and after striking the specimen. The machine is calibrated to read the 

fracture energy in N-m or J directly from a pointer which indicates the angular rotation 

of the pendulum after the specimen has been fractured. Dynamic fracture toughness is 

determined from load-displacement curve obtained from instrumented Charpy impact 

test. A typical recorded load displacement curve is shown in Figure IV.10.   
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Figure IV.10. Typical load-displacement curve and the determination of the energy 

absorbed by the specimen 

 

The fracture energy measured in the Charpy test is obtained directly from the 

apparatus or, more precisely, by integration of the load-displacement curve until the 

critical load.  An approximate method is to define the critical load Pc as the mean value 

of the sum of the load at general yielding Pgy and the maximum load: 

2

Max gy

c gy

P P
P P


                          Equation. IV.8 

𝑈𝐶 = ∫ 𝑓(𝑃)
𝑃𝐶

0
𝑑𝑃                            Equation. IV.9 

The work for fracture Uc which is registered during the test is used to evaluate the 

fracture resistance in different ways.  The first one is the energy per unit area or resilience 

as KCV (V-notched specimen) or KCU (U-notched specimen) defined as:  

 

𝐾𝐶𝑉 𝑜𝑟 𝐾𝐶𝑈 =  
𝑈𝐶

𝐵𝑏
                                              Equation. IV.10 
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Where B and b are the specimen thickness and the ligament width, respectively. We 

can also calculate the toughness JC of the materiel by the following relationship: 

C
C

U
J

Bb


                                            Equation. IV.11 

Where () is a parameter for the proportionality between the fracture energy per 

ligament area and the notch fracture toughness. It depends on the notch radius and 

relative notch depth a/W.  Akkouri et al. [20] tabulated the values of  for different notch 

radii and relative notch depths.  The value of 1.92 is used for a Charpy V-notched 

specimen. 

 

IV.3.2. CHARPY TEST OF API 5L X52 STEEL IN ACIDIC MEDIA 

In this section, we studied the influence of corrosion initiated hydrochloric acid on 

the mechanical properties of API 5L X52 steel.  HCl concentrations of 0.25, 0.5, 0.75 

and 1M were used with an immersion time of seven (07) days at 25°C.   

The fractured API 5L X52 steel Charpy V-specimen is shown in Figure IV. 11.  

 

Figure IV. 11. Fractured V-notched Charpy test specimen.  
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Figure. IV. 12. Variation of the work to fracture vs. HCl acid concentration 

As shown in Figure IV.12, the work to fracture decreases strongly with the increase 

of HCl acid concentration.  This is the result of continuous dissolution of the API 5L X52 

steel with time in acidic media.  The decrease of the toughness of this material, hence the 

decrease of the absorbed energy, is due to the thickness reduction.   

IV.3.3. CHARPY TEST OF API 5L X52 STEEL IN THE PRESENCE OF GREEN 

INHIBITOR 

In this section, Ruta Chalepensis plant extract was used as green corrosion inhibitor.  

API 5L X52 steel specimens were immersed in acidic medium of 1M for 0.25, 5, 10 and 

15 days in the presence of Ruta Chalepensis of different concentrations.  5, 20 and 30 % 

v/v plant extract to acidic solution were used.  The solutions were kept at 25°C until the 

Charpy tests.   
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Figure. IV.13. Fracture Energy as a function of immersion time for different 

concentrations of the corrosion inhibitor.   

Figure IV. 13. Illustrates the total energy absorbed by the specimens as function of 

immersion time.  In the absence of corrosion inhibitors, the total fracture energy 

decreases from 197 to 165 J within 15 days of immersion in 1M HCl.  However, in the 

presence of 30% (v/v) corrosion inhibitor, the decrease is only of 2 J in 15 days.   

IV.3. 4. INFLUENCE OF GREEN INHIBITORS ON THE FRACTURE 

TOUGHNESS OF API 5L X52 STEEL 

In this section, we studied the effect of corrosion green inhibitors on API 5L X52 steel 

in acidic media with different concentration of the inhibitors.   

The experimental conditions are 25°C as the temperature, 1M as the concentration of 

HCl acid and 3 days as the immersion time.  Figure. IV. 14 shows the evolution of the 

load as function of the displacement.   
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Figure IV. 14. Load vs. displacement curves obtained by instrumented Charpy impact 

test after immersion in hydrochloric acid solution with and without green inhibitor. 

 

The critical load Pc is determined according to Equation IV. 1 which allows the 

determination of fracture energy UC by Equation IV.2.  The fracture toughness Jc, 

assumed to be proportional to the fracture energy UC is determined according to 

Equation IV. 4 [20-21].  Accordingly, Table IV.1 gives the values of the critical loads 

required to break the test pieces measured at the Charpy test for 30%, 10%, 5% and 3% 

(v/v) concentrations of the green inhibitor.  These results show the effect of the green 

inhibitor.  In the presence of 1M HCl, the fracture toughness of the steel falls from 1.736 

MJ/m2 to 0.702 MJ/m2.  However, the presence of the green inhibitor at 30% (v/v) 

allows the steel to recover its toughness to 1.116 MJ/m2.  This is the evidence of the 

efficiency of our green corrosion inhibitor.   
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Table. IV.1. Impact testing Results 

Mechanical 

properties 
Ref 

In 1 M 

HCl 

30% (v/v) 

inhibitor 

10% (v/v) 

inhibitor 

5% (v/v) 

inhibitor 

3% (v/v) 

inhibitor 

Pc(KN) 11.87 8.37 9.47 8.57 8.88 8.77 

Uc(j) 59.12 23.36 31.81 31.03 34.15 32.74 

B*b mm2 68.1 66.5 57 66 62.6 61.4 

Jc (MJ/m2) 1.73 0.70 1.11 0.94 1.09 1.06 

 

Figure. IV. 15 illustrates the results of Table 1 as the concentration of  green inhibitor 

3%, 5%, 10% and 30% on dynamic fracture toughness of API 5L X52 steel.  

 

Figure. IV.15 Influence of green inhibitor concentration on dynamic fracture toughness 

of API 5L X52 steel after immersion in hydrochloric acid solution 

IV.3.5. EFFICIENCY OF THE CONCENTRATION OF GREEN INHIBITOR 

ON THE X65 BY CHARPY TEST 

In this section, we present our study of the effect of green corrosion inhibitors on API 

5L X65 steel in acidic media, with different concentrations of the inhibitor with an 
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immersion time of 3 days.  Figure. IV.16. shows the load-displacement curves of the 

steel in the presence of the green inhibitor with the concentrations of 0, 3, 5, 10 and 30 

% (v/v).     

 

Fig IV.16 .Effect of inhibitor concentration on load-displacement curves 

of API 5L X65 steel. 

 

Calculation of the mechanical properties are presented in Table IV.2.  The results 

show the beneficial effect of green inhibitor on dynamic fracture toughness of the API 

5L X65 steel after immersion in hydrochloric acid solution.   

Table IV.2. Mechanical properties of the API X65 immersed in HCl compared to the 

different concentration (Bb is taken as 80mm2) 

 

Mechanical 

properties 
  Ref 

In 1 M 

HCl 

30% (v/v) 

inhibitor 

10% (v/v) 

inhibitor 

5% (v/v) 

inhibitor 

3% (v/v) 

inhibitor 

Pmax(KN) 12.67 6.21 9.77 8.08 8.05 7.57 

PGY(KN) 7.22 2.80 4.10 3.66 3.67 3.19 

PC(KN) 9.95 4.51 6.93 5.87 5.86 5.41 

UC(J) 31.73 15.23 26.60 23.40 21.28 22.22 

JC (MJ/m2) 0.79 0.38 0.66 0.58 0.53 0.55 
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The steel is affected by HCl acid and lose its fracture toughness by 52% (from 0.79 to 

0.38 MJ/m2).  However, the fracture toughness drop is only 16.4% (from 0.79 to 0.66 

MJ/m2) in the presence of 30 % (v/v) green corrosion inhibitor.  The data are well 

illustrated in Figure IV.17.   

 

Figure. IV.17 Influence of green inhibitor concentration on dynamic fracture 

toughness of API 5L X65 steel after immersion in hydrochloric acid solution 

IV.3. 6. THE TEMPERATURE EFFECT ON MECHANICAL PROPERTIES 

OF API 5L STEEL. 

 

The failure energy KCV (J) is related to temperature according to the equation below:  

𝐾𝐶𝑉   = 𝐴𝐶𝑉+𝐵𝐶𝑉 tanh[
𝑇−𝐷𝐶𝑉

𝐶𝐶𝑉
]                                                                Equation. IV.12 
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Where ACV, BCV, CCV and DCV are constants.  ACV represents Charpy energy at the 

transition temperature Dcv,   BCV is the energy jump between the fragile and ductile 

plateaus.  2 CCV is the temperature range of the Charpy energy transition.   

As an example [Capelle 2013], Figure IV.18 represents a typical evolution of the 

failure energy with temperature expressed by Equation IV.5.   

From Figure IV.18, the transition temperature is determined at the conventional level 

of 27 joules and called TK,27 and also at half the jump between the brittle and ductile 

trays (TK50 = DCV). The values of the ACV, BCV, CCV and DCV constants are shown on 

Figure IV.18 for API 5L X65 [22].   

 

Figure.IV.18 Charpy V energy curve as a function of temperature for API 5L X65 

steel.   

IV.3.6.1. INFLUENCE OF IMMERSION TIME IN HCl/5 % GREEN INHIBITOR 

ON DYNAMIC FRACTURE TOUGHNESS OF API 5L X52 STEEL AT 80°C. 

 

In this section of our study, Charpy specimens were immersed in 1M HCl solution 

with 5% (v/v) green inhibitor concentration during 3, 7 and 10 days immersion time at 

80°C.  Load-displacement curves were recorded and are shown in Figure. IV.19.  The 

critical load Pc, the fracture energy UC and dynamic fracture toughness Jc are extracted 
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from these recorded diagrams according to the above mentioned procedure. The results 

are presented in Table. IV. 3.   

 

  

Figure IV. 19 Load-displacement curves (right) in 1M HCl acid and (left) in 1 M HCl+ 

5% green inhibitor concentration at 80°C of API 5L X52 steel 

Table. IV. 3 Mechanical Properties calculated for API 5L X52 steel immersed in acidic 

media and in the presence of 5% v/v green inhibitor (Bb is taken as 80mm2). 

 

Mechanical 

properties 
Ref 

3days 7 days 10 days 

Without 

inhibitor 

5% 

inhibitor 

Without 

inhibitor 

5% 

inhibitor 

Without 

inhibitor 

5% 

inhibitor 
Pmax(KN) 10.56 5.06 8.16 3.10 5.50 2.55  4.60 

PGY (KN) 4.69 2.80 5.34 1.78 3.19 1.70 2.44 

PC  (KN) 7.62 3.93 6.75 2.44 4.35 2.11 3.52 

UC(J) 27.57 4.90 9.31 3.62 7.84 3.40 5.25 

JC(MJ/m2) 0.68 0.12 0.23  0.09 0.19 0.08  0.13 

 

 

In Table IV.3, important loads degradation of the steel is noticed in acidic media in 

the absence of the inhibitor compared to the solutions where 5% (v/v) of the green 

inhibitor is present.   

0 5 10 15 20 25 30

0

2000

4000

6000

8000

10000

12000

API 5L X52 Steel in 1 M HCl + 5 % inhibitor (v/v)

L
o
ad

 (
N

)

Displacement (mm)

 Ref

 3 Days 

 7 Days 

 10 Days 

0 5 10 15 20 25 30

0

2000

4000

6000

8000

10000

12000

API 5L X52 Steel In 1 M HCl 

L
o
ad

 (
N

)

Displacement (mm)

 Ref

 3 Days

 7 Days

 10 Days



Chapter: IV                                                                              Results and Discussion 
 

82 
 

Figure IV.20: Fracture toughness vs. immersion time in 1M HCl with 5% (v/v) green 

inhibitor at 80°C of API 5L X52 steel 

 

Also, it is evident from Figure IV.20 that, the decrease rate of the fracture toughness of 

API 5L X52 steel is higher in HCl solution than in HCl/green inhibitor solution.   

IV.6.3.2. INFLUENCE OF IMMERSION TIME IN HCl/5 % GREEN INHIBITOR 

ON DYNAMIC FRACTURE TOUGHNESS OF API 5L X65 STEEL AT 80°C. 

The green corrosion inhibitor effect is studied in the same conditions and 

experiments were conducted in the aim to approve the efficiency of green inhibitor to 

protect internal surface of the pipelines network.   

Specimens of API 5L X65 steel were immersed in 1M HCl/ 5% green inhibitor 

solutions for 3, 7 and 10 days at 80°C.  Charpy dynamic test curves are shown in Figure 

IV.21.   
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The mechanical properties calculations are gathered in Table IV.4.  It is shown that 

the decrease of the fracture toughness is more pronounced in acidic media than the 

solutions were the 5% (v/v) green inhibitor is used.   

  

 

Figure IV.21: Load-displacement curves (right) in 1M HCl acid and (left) in 1 M HCl+ 

5% green inhibitor concentration at 80°C of API 5L X65 steel 

Table. IV. 4 Mechanical Properties calculated for API 5L X65 steel immersed in acidic 

media and in the presence of 5% v/v green inhibitor (Bb is taken as 80mm2). 

 

Mechanical 

properties 
Ref 

3days 7 days 10 days 

Without 

inhibitor 

5% 

inhibitor 

Without 

inhibitor 

5% 

inhibitor 

Without 

inhibitor 

5% 

inhibitor 
Pmax(KN) 12.67 6.58 8.47 5.85 7.60 4.42  7.12 

PGY (KN) 7.22 2.88 4.54 2.89 3.49 2.22 3.42 

PC  (KN) 9.95 4.73 6.51 4.39 5.54 3.32 4.37 

UC(J) 31.73 17.16 19.50 15.50 19.11 12.4 15.5 

JC(MJ/m2) 0.79 0.43   0.48  0.37 0.47 0.31  0.38 

 

Figure. IV.22 illustrates the decrease of fracture toughness after different immersion 

times in HCl and in HCl +5% green inhibitor at 80°C of API 5L X65 steel.  After 10 

days of immersion in hydrochloric acid, fracture toughness has decreased by of 61% 

(from 0.79 to 0.3. MJ/m2).  For the same immersion time, in the presence of the green 

corrosion inhibitor, the decrease of JC is only 52% (from 0.79 to 0.38 MJ/m2).   
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Figure IV.22: Fracture toughness vs. immersion time in 1M HCl with 5% (v/v) green 

inhibitor at 80°C of API 5L X65 steel 

 

IV.3.6.3. EVOLUTION OF THE FRACTURE TOUGHNESS JC WITH 

IMMERSION TIME OF THE API 5L X65 AND X52 STEEL 

 

From both Figures IV.20 and IV.22, the decrease rate of the fracture toughness Jc with 

respect to immersion time less than 7 days is higher than the decrease after 10 days.  A 

stabilization effect is noticed between 7 and 10 days.  The metal is saturated by the green 

inhibitor and no more reaction with HCl is possible.  The metal is protected by a film of 

the green inhibitor preventing a direct contact with the sour solution of HCl.   

The API 5L X52 and X65 steels behave similarly against the HCl/green inhibitor 

solutions.   

The fracture toughness is falling from 0.68 to 0.08 (in HCl) and 0.13 MJ/m2 (in 

HCl/Green inhibitor) for X52 steel and from 0.79 to MJ/m2 to 0.31 (in HCl) and 0.38 

MJ/m2 (in HCl/Green inhibitor) by the end of the 10 days experiments.  
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IV.3.7. THE ACTION MECHANISM OF THE GREEN CORROSION 

INHIBITOR 

Immersion effect on steel in acid media with the corrosion inhibitor is attributed to 

the hydrogen embrittlement. The film absorbed of hydrogen on the metal surface due to 

anodic dissolution of iron  

HCl + H2O  H3O
+ + Cl-                                                                                                Equation. IV.13 

Fe + 2 H3O
+ Fe2+ + 2 H2O + H2 (gaz)                                                                    Equation. IV.14 

 

The hydronium ion is very small so it ease to diffusion into the metal surface when 

there is a contact.  Hydrogen embrittlement in steel results generally from the enhanced 

plasticity [11, 23] and weakening metal links [14, 24]. The protective barrier film created 

by corrosion inhibitor to aim the protection of the internal surface which prevents both 

recombination and diffusion. The factor of the inhibitor concentration is very important 

in the process of the protective barrier creation. When we have the enough inhibitors 

concentration to create this barrier, any increase of it can give more effects on the 

inhibition efficiency of the system.   

IV.4. DROP WEIGHT TEST APPARATUS AND SPECIMEN 

GEOMETRY 

 

In this second part of mechanical testing, we used the drop-weight machine to obtain 

damage inflicted along of the degrees of penetration of the specimen until the fracture 

point.  A Charpy V-notched specimens associated to a round-nosed impactor on the 

different steels were used as illustrated in Figure IV.23. 

We studied the effect of green inhibitor on the absorbed energy of fracture of the 

specimens as function of the green inhibitor concentration and immersion time.  Both 

X52 and X65 pipe steels were studied and the impactor was 21 kg mass and 3, 62 m/s 

maximum velocity.  
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Figure IV. 23. Specimen X52 and X65 steel during drop weight test 

IV.4.1. INFLUENCE OF GREEN INHIBITORS ON FRACTURE ENERGY OF 

THE X52 AND X65 STEEL BY THE DROP WEIGHT TEST 

 

Three impact test specimens were prepared from X52 (55/10/9.2 dimension) and 

X65 (55/10/10 dimension) steels.   Each specimen was immersed in 1M HCl acid with 

0, 3, 5, and 10% (v/v) green inhibitor concentration.  Images of the specimens after the 

drop weight test are shown in Figure IV.24.   

The absorbed energy vs. the solution concentration along with 3, 7 and 10 days’ time 

of immersion are drawn in the curves of Figure IV 25 and IV 26 for X52 and X65 steels 

, respectively.   

 

 

Figure. IV.24. Specimens after the drop weight test 
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Figure. IV.25. Absorbed energy as function of the concentration of green inhibitor in  

1 M HCl API 5L X52 steel with different immersion time 

 
Figure. IV.26. Absorbed energy as function of the concentration of green inhibitor 

in 1 M HCl API 5L X65 steel with different immersion time 

 

Ref 10% 5% 3% 0%

100

110

120

130

140

150

160

170

180

190

A
b
so

rb
ed

 e
n
er

g
y
 (

J)

API 5L X65 steel

immersed in 1M HCl + X% green inhibitor

Green inhibitor concentration (v/v)

Immersion time

 3 days

 7 days

 10 days



Chapter: IV                                                                              Results and Discussion 
 

88 
 

From Figures IV. 25 and 26, both the X52 and X65 steels behave similarly to the sour 

solution with or without the presence of the green inhibitor.  The steel immersed in the 

1M HCl loses its ability to absorb the energy of the falling weight due to the corrosive 

nature of the acid.   

For example, the absorbed energy of the X52 steel decreases from 174 J to 122 J in 3 

days and to 97 J in 10 days immersion time in HCl.  However the presence of the green 

inhibitor, protects the steel from corrosion and increases the absorbed energy.  In the 

presence of 10 % green inhibitor, both the X52 and X65 steels preserve up to 73% of 

their ability to absorb impact energy even after 10 days of immersion in 1M HCl.   

IV.4.2. IMMERSION TIME EFFECT OF THE GREEN INHIBITORS ON 

FRACTURE ENERGY OF THE X52 AND X65 STEEL BY THE DROP 

WEIGHT TEST 

The effect of the immersion time was also examined.  Figure IV. 27 and IV.28 depicts 

the effect of immersion time on the absorbed energy by the X52 and X65 steel 

specimens, respectively.  It can be seen that the addition of the green inhibitor to the 

acidic solution, reduces the degradation rate of the absorbed energy of the steel.  From 

the slope of the curve absorbed energy vs immersion time, the degradation rate of the 

absorbed energy was determined as 3.58% per day of immersion in 1M HCl solution for 

X52 steel.  However, the degradation rate was determined as only 0.94% per day of 

immersion in the presence of 10% (v/v) green inhibitor.   
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Figure. IV.27. Absorbed energy by X52 steel as function of immersion time in  

1 M HCl with different green inhibitor concentration 

 

Figure. IV.28. Absorbed energy by X65 steel as function of immersion time in  

1 M HCl with different green inhibitor concentration 
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These results show the efficiency of the green inhibitor to reduce the rate of corrosion 

of the X52 and X65 steels.   

IV.5. THREE-POINT BENDING TEST  

 

The bending test specimens are used to quantify the evolution of the fracture energy 

as a function of the presence of the green corrosion inhibitor with 0%, 5%, 20% and 30% 

(v/v) concentrations. Figure IV. 29 shows the specimen during the test. 

IV.5.1. SPECIMENS OF STATIC THREE POINT BENDING TEST  

In this part, a static three point bending test was carried out, taking into account the 

effect of the inhibitor concentration and comparing to the reference specimen.  We used 

15 V-notched specimens of API 5L X52 with 55/10/9.2 mm dimension.  The specimens 

were immersed in 1M HCl + 0, 5, 20 and 30% (v/v) green inhibitor at 25°C for 7 days. 

 

Figure IV. 29. Three point bending test, specimen under test (left), specimen after 

break (right). 

IV.5.2. INFLUENCE OF GREEN INHIBITORS ON MECHANICAL 

PROPERTIES OF API 5L X52 STEEL BY THREE-POINT BENDING TEST 

The three point bending test load-displacement curves of the specimens are shown 

Figure IV. 30.  From the shape of the curves, three stages can be distinguished.  In phase 

I, the load increases linearly.  In the phase II, the specimen undergo non-linear variation 

of the load to reach a maximum value while in phase III, the load decreases until the 
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specimen breaks. These curves show the effect of the immersion solution on the 

maximum load of the specimens.   

Qualitatively, it can be seen that the acidic media of HCl causes the loss of the 

maximum load of the specimen due to corrosion. The green inhibitor have the important 

effect on the degradation of these mechanical properties of steel. When it is added to the 

acid solution, the maximum load is increased with the inhibitor concentration. Evolution 

of the load as function the displacement are shown in Figure. IV. 30, and the values are 

shown in table. IV. 5    

 

Figure IV. 30. Three point bending test load- displacement curves of the specimens 

immersed in as indicated solutions. 

Table. IV. 5.  Evolution of the maximum load and the displacement as a function 

the green inhibitor concentration. 

Specimens  Maximum load (KN) 
Displacement  

at max load  (mm) 

Reference 8.87 4.88 

In 1M HCl 7.42 2.05 

In 1M HCl + 5% inhibitor 7.37 2.16 

In 1M HCl + 20% inhibitor 7.85 3.33 

In 1M HCl + 30% inhibitor 8.25 4.87 
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IV.6. INFLUENCE OF SYNTETIC AND GREEN INHIBITORS ON 

API 5L X52 BY TENSILE TESTS IN HCl ACID SOLUTIONS 

The aim of this test was to compare the efficiency of green and synthetic corrosion 

inhibitors X on tensile properties of API 5L X52 steel.  The specimens were immersed 

for 7 days at room temperature in 1.2M HCl, 1.2M HCl/30% (v/v) green and 1.2M 

HCl/30% synthetic inhibitors X.  The synthetic inhibitor X was gratefully provided by 

SONATRACH. Figure. IV.31 shows the reference specimens before (a) and the ruptured 

specimens (b) after the tensile test.   

 

Figure IV. 31. The tensile specimens, before and, after tensile tests.   

Figure IV.32 shows the stress-strain curves of the tensile testing.  The data collected 

are averaged over two tests under the same conditions for each solution.  It can be seen 

that the elongation at break, of the specimen immersed in 1.2HCl solution, drops from 

31.5% of the reference to 17.5%.  However, the use of 30% of the synthetic inhibitor 

have a minimal effect on the elongation at break.  In the other hand, the use of the green 

inhibitor enhance the mechanical property against break to the original value of the 

reference.  This is an illustration of the efficiency of the green vs. the synthetic inhibitor.   

The other properties from the tensile testing as Young’s modulus, yield stress and 

ultimate stress variation are in the limit of experimental errors.   
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Figure IV. 32. Stress-strain curves of API 5L X52 steel after immersion in different 

solutions, 1.2 M HCl, 1.2 M HCl+ 30% Green and 1.2M HCl+ 30% synthetic 

inhibitors. 

All this results from this experimental test was cumulated in table IV.6    

 

Table. IV. 6. Tensile properties of steel API 5L X52 after immersion in different 

solutions from 7 days  

 

Solution Ref HCl 1.2 M/l 
1M HCl 

+30% synthetic 

1M HCl 

+ 30% Green  

𝜎ul(MPa) 527 511 502 
 

522 

A% 32.5 17.5 21.2 
 

     32.2 
 

 

All the test results of the mechanical properties was cumulated in the bellow table. IV. 

7, such as the Charpy test, Drop weight test, three point test, and the tensile test. 
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Table IV.7. Cumulated the results of the  experimental test 

Energy absorbed by the specimens from the Charpy  test of the API 5L X52 

Experimental 

technique 
API 5L steel 

Mechanical 

properties 
Ref In 1M HCl 

30% (v/v) 

inhibitor 

10% (v/v) 

inhibitor 

5% (v/v) 

inhibitor 

3% (v/v) 

inhibitor 

Jc (MJ/m2) 1.73 0.70 1.11 0.94 1.09 1.06 

Energy absorbed by the specimens from the Charpy  test of the API 5L X65 

Experimental 

technique 

API 5L steel  Mechanical 

properties 
Ref In 1M HCl 

30% (v/v) 

inhibitor 

10% (v/v) 

inhibitor 

5% (v/v) 

inhibitor 

3% (v/v) 

inhibitor 

JC (MJ/m2) 0.79 0.38 0.66 0.58 0.53 0.55 

Energy absorbed by the specimens from the Charpy  test of the API 5L X52 Steel at the 80°C 

Charpy 

test 

 

X52 
 

Mechanical 

properties 
Ref 

3days 7 days 10 days 

Without 

inhibitor 

5% 

inhibitor 

Without 

inhibitor 

5% 

inhibitor 

Without 

inhibitor 
5% inhibitor 

Jc(MJ/m2) 0.68 0.12 0.23 0.09 0.19 0.08 0.13 

Energy absorbed by the specimens from the Charpy  test of the API 5L X65 Steel at the 80°C 

Charpy 

test 

 

X65 

 

Mechanical 

properties 
Ref 

3days 7 days 10 days 

Without 

inhibitor 

5% 

inhibitor 

Without 

inhibitor 

5% 

inhibitor 

Without 

inhibitor 
5% inhibitor 

Jc(MJ/m2) 0.79 0.43 0.48 0.37 0.47 0.31 0.38 
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             Energy absorbed by the specimens from the Drop weight test of the API 5L X52 Steel 

 

Drop weight test 

 
X52 

 Ref 10% 

inhibitor 

5% 

inhibitor 

3% 

inhibitor 

0% 

inhibitor 

3 Days 174 142 141 137 122 

7 Days 174 142 136 129 107 

10 Days 174 135 127 122 97 

Energy absorbed by the specimens from the Drop weight test of the API 5L X65 Steel 

Drop weight test 

 
X65 

 Ref 10% 

inhibitor 

5% 

inhibitor 

3% 

inhibitor 

0% 

inhibitor 

3 Days 182 147 131 128 125 

7 Days 182 145 125 120 117 

10 Days 182 132 122 108 102 

Energy absorbed by the specimens from the three point bending test  API 5L X52 Steel  

 

 

 

Three point bending X52 

Specimens Maximum load (KN) 
Displacement 

at max load  (mm) 

Reference 8.87 4.88 

In 1M HCl 7.42 2.05 

In 1M HCl + 5% 

inhibitor 
7.37 2.16 

In 1M HCl + 20% 

inhibitor 
7.85 3.33 

In 1M HCl + 30% 

inhibitor 
8.25 4.87 
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IV.7. CONLUSION  

        From this chapter, we can conclude at the first part of the corrosion inspection pipe 

transportation gas, some analyses important in the aim detection the corrosion causes.  

We presented in this part microscopy optical observation, from the different view of 

the corrosion position (internal and external), and also the chemical analyses. 

 In another hand we presented the discussion of the cases of the corrosion activation in 

pipe, at the end we presented some recommendations in aim to control corrosion.  

 

At the second part we have some mechanicals tests of API 5L X52 and X65 steel, 

in aim to study the efficiency of the green inhibitors extracted from the Ruta 

Chalepensis on the both types. We are studied the degradation of the both total energy 

fracture, and the fracture toughness of these steels, by Charpy test in the absence and 

presence of the green inhibitors corrosion.  

     At the second test we study the effect of the concentration and time immersion of 

the green inhibitor by the Drop weight test, when we calculate the energy absorbed by 

specimens. The third test we study the degradation of the load- displacement by the 

three points bending test in the presence and absence the green inhibitors corrosion. 

 In the last test we study the effect of the green inhibitors corrosion and synthetic 

inhibitors of the degradation of the mechanical properties, spicily on the elongation 

steel    

 All these mechanical test was give important results, the extracts of this plant have 

showed a great ability to enhance the efficiency against degradation of mechanical 

properties such as the total energy, fracture toughness, absorbed energy and the 

elongation at fracture. 
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This work presented from this thesis interested to study the effect of the synthetic and green 

inhibitors on the degradation of the mechanical properties pipe steel of API 5L X52 and X65.  

 From the inspection part we can quite the following conclusions be drawn:  

o From the inspections part, achieved by visual, optical observation and also the 

metallurgical analysis of the corroded surface of the pipe.  

o From this Investigation the corroded surfaces analysis by X-Ray Diffraction 

showed the presence of the carbon dioxide CO2 and hydrogen sulfide H2S content.  

o Absence of the internal chemical treatment or internal coating leads the contact 

between fluid and pipe wall. 

 

 From the experimental part we studied the degradation of the mechanical properties of 

API 5L X25 and X65 steels, we can quite the following conclusions be drawn:  

o The Ruta Chalepensis plant extract was successfully than the synthetic inhibitors 

when we compared the mechanical properties from each one of them.   

o  From the Charpy test the values fracture toughness increase with the increase of the 

concentration of green inhibitors.  In the presence of 1M HCl, the fracture toughness 

of the X52 steel is 1.736 MJ/m2 to 0.702 MJ/m2.  However, the presence of the 

green inhibitor at 30% (v/v) the steel to recover its toughness to 1.116 MJ/m2 

o Drop weight test, in the presence of 10 % green inhibitor, both the X52 and X65 

steels preserve up to 73% of their ability to absorb impact energy even after 10 days 

of immersion in 1M HCl.    

o Three points bending test, the degradation of the load-displacement curve as function 

the concentration of the green inhibitors solution. 

o From the tinsel test, it can be seen that the elongation at break, of the specimen 

immersed in 1.2HCl solution is 17.5%. , and 31.5% from, 30% of the synthetic 

inhibitor, and the 31.2 % of the 30 green inhibitors at break. 

This study could be improved in the future by the chemical isolation of the active ingredient 

from the Ruta Chalepensis extract to a full physico-chemical characterization.  Also, it is 

recommendable to carry out in situ experimental study to explore the possibility to use this 

green corrosion inhibitor in the field in real operating conditions.   
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