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In this paper an investigation on corrosion behaviour of wejdeds was performedo facilitate
determinatiorthe causesf preferential degradation by corrosion of the welded metal (WM) and the
heat affected zone (HAZ), in a welded pipeline of grade ASTM A355P5, used in a petrochemical plant
as transfer line betvem a thermal cracking heater and a column which are part of an atmospheric
distillation and vacuum (DAV) unit. Mechanical testing, structural and chemical analyses were
performed and a heat treatmgbcedurewas appliedto reduce the corrosion of WM ardAZ.
Besides classical tests and analysalectrochemical tests were performed in order to study the
influence of heat treatment on the welded joints. Measurements were carried out at thicogen
potential (OCP) on specimens immersed in 3% NacCl isolub observe the change of potential and
qualitatively appreciate the dissolution andzogationof a protective layer on theomponensurface

It was found that the corrosion of the weld analyzed in this research has resulted due to its dendritic
structure (pearlite, ferrite, complex carbide, bainite and martensite in localized areas), which reveals
the lack of post welding heat treatment (PWHT). A promising solution to this problem represents
proper PWHT. The corrosion resistance of HAZ and WM in@gasdter temperature treatmeas, a

result ofthe structure improvement as well as hardness reduction in the weld and adjacent areas.
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1. INTRODUCTION

Petrochemicakquipment andystemsare composed of complex components at which age,
wear, and generally the uncertaitityked to their technicatonditionare the main issues facing their
management systermonsidering new safety and environmental protection requiesme
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Iron and steel alloys are materials commonly used in manufacturing a series of industrial
equipments including pipelines because they offer excellent weldability, fine mechanical properties
etc[1,2] The use of heat resistant chromimolybdenum stde for manufacture of structures
operating at hi gher t ecaysedrbgheiulowecsst doraparedttothtep 4 7 5
performing steels. A335 is often called chremely pipe because the chemical composition contains
Molybdenum (Mo) and Chromm (Cr). Molybdenum adds strength, elastic limit and resistance to
wear, impact properties, and hardness to steel, increases the resistance to softening, restrains gra
growth and makes chromium steel less susceptible to embrittlement. It also enhanbégh the
temperature creep strength, corrosion resistance and inhibits pitting of steel. As a result of the very
high costs associated to their replacement with completely new construction, remaining life assessmen
and exploitation prolongation in safety cwmon of components, failure analysis and preventidn
especially referring to those working in severe stress conditions (high temperatures and pressures
vibration, aggressive environment), are still the current topics of research in the present.

A key problem in the applications of these materials in the pipeline industry remains the
corrosion of these materials in the presence of aggressive f§&terg], because of the cost and
technical difficulties in repairing the corroded parts [8]. Sincesame cases, im@ct costs of
corrosionwere more or lessequal to direct costs [2], corrosion is the most significant cost related
technical challenge that provides strong motivation for researchers to understand and identify the
corrosion mechanisms, liet the corrosion behaviour and find appropriate solutions for preventing
and mitigation of corrosion effects on susceptible components. Corrosion of metals and alloys in
aqueous environments or other ionically conducting liquidsastly electrochemicatype It takes
placewhenvariouselectrochemical reactiormccuron a metal surface. One of these reactions results
in the change of the metal or some elements in the metal alloy from a metallic state irtoetalbo
state.Corrosion products consist solid or dissolved specieghere are welknown different types of
corrosion, includingi Lo c al i z e diGéheralizedCerioow o .and fAMet al |l urgic
Corrosi ono. The corrosion behaviour oigms are t a l
influenced by the chemical composition, metallographic structure, mechanical characteristics, stress
level and impurities.

Welding is a necessary and frequently used method for pipeline assembly. The microstructure
and the mechanical properties rohterials subjected to a welding process are modified and usually
three evident zones can be highlighted [3, 4]. One is associated with the unchanged part of the weldet
joint with properties as the base metal (BM). An intermediary zone is representeel byse metal
area affected by the generated heat due to the welding process, followed -bgading process,
known as the heat affected zone (HAZ). In HAZ, the microstructure and properties can be critically
altered. The third zone is represented bywik&l metal (WM).Microstructure of th&VM is a specific
moulding complexstructure Thus WM is a dendritic structure that solidified from a molten state.
Adjacentto the WMis thefusion line that makes the transition to HAZh multipass welding, the
microstructure of tese zonesgould be affected by thermal field produced due to successigtl
passes. Thus, welding produces localized changes in the composition, structure, stress level an
impurities in the joined metals and alloys and implicitly cao a@ffect corrosion resistance.
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The corrosion products can form a layer capable to protect further the steel surface of the
generated species through physically blocking the effect of corrosive attack [9, 10]. The corrosion of
differentsteel gradeand indifferent aggressivenvironmentdas beempresented ifl1-14]. Chloride
is an excellent rust cause with a little moisture. The protetdiyer producedon the metal surface
frequentlyfails in the presence of the chloride iomsdifferent pH[1, 13, #]. In sodium chloride
solution the iron corrodes through dissolution into ferrous and ferric cations. Chloride ions after
adsorption on the base metal surface penetrate the protective layer mainly at its point defects [13].

Metallurgical effects could &ct the orrosionresistancef carbon steel weldmenf$5], thus
preferentialcorrosionappear inHAZ or WM. Also, geometricalshape of the componerassociated
with stress concentratiofactor, play an important roleon corrosion resistance behaviolsually,
alloys with high hardness are most severdigmagedyy corrosion, while those that are overaged are
fairly less susceptible [16]. Thus, in case of welded structures, the post weld heat treatments (PWHT)
are beneficial since they control the hamskecharacteristics and the size and distribution of
intergranular precipitates. Due to the exploitation condition and pollutants that cofddriakn the
system such ashydrogen sulphidegaseous hydrocarbons, carbon monoxide eartbon dioxide,

High Temperature Hydrogen Attack (HTHA) and Stress Corrosioacking (SCC) phenomena
[17,18] could affect the material of pipelines.

The goal of this paper i® studythe corrosion nature of a pipeline which transports light
products by mechanical, optical aatbctrochemical methods. The results indicate the importance of
PWHT. An improper PWHT presents a direwgativeimpact on the operatiorsafety ofinspected
componentdy increasingherisk of failure

2. EXPERIMENTAL

2.1 Material and methods

Theeperi ment al study was performed on sampl ¢
mm between the thermal cracking heater H1 and the column C1 of the DAV installation, which
generates light products (gasoline, diesel or gas) by atmospheric and vaciilatiotistf crude oil.
A part of these pipeline welds were affected by preferential corrosion at the weld and HAZ. The
pipeline is working under a temperature of 368 and pressure of 0.3 MP
alloy-steel according to ASTM A355R5tandard Specification for Seamless Ferritic Aldieel Pipe
for High-Temperature Service. Two coupons were taken from the transfer line, each containing both a
portion of pipe 1508 x 15 .jdnfandrenporton af aneelbqw®@Rt i o0 n
1.5D, 1508 x 15.09 mm, placed between the two
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a) Coupon containing a portion of the weld nd) Coupon containing a portion of the weld nc
bet ween el bow 90 R=1between el bo®%08D1R=0Q
pipe | 508I115. 0¢ pipe | 508I15. 0¢

Figure 1. Samples for the experimental program, taken from desalinate oil transfer line between the
heater H1 and the column C1.

Filler materials used to create the welded joints were:
Welding wire: CM5i IG Boehler ( WCMo 5 Si ) ,
Welding electrodes: Boehler Fox CMS b

[ 2.40x1000
(ECr Mo5B42H5) ,

mm:;
I 2.50x2

The welding process should have been realized with a PWHT.

An extensive experimental investigation has been carried out, including mechanical tests,
macro and micrstructural examinations, chemical and electrochemical analyses on the specimens
extracted from the two coupons, according tosés@pling plarpresentedn Figure 2.
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Figure 2. Sampling plan for the specimens.

The chemical composition of the pipe, according to ASTM A335 Fhyawnin Table 1.
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TableLChemi cal composition, manufacturerdés dat a
Steel Grade
ASTM A335 Max. . Max. Max. Max. . y
Grade P5 0.15 0.3071 0.60 0.025 0.025 0.50 4.007 6.000.45i 0.657

The main reference mechanical properties of the matacabrding to ASTM A335 P5, are
presentedn Table 2.

Table 2 Mechanical properties (on the longitudinal direction)

Hardness

Tensile characteristics o
characteristics

Steel Grade  Yield strength | Tensile strength  Elongation at Vickers
at +20 at +20 break a [HV]
Roo.2 [N/mm?] Rm [N/mnT] As [%]

ASTM A335

Grade P5 Min. 205 Min. 415 Min. 30 Max. 265

2.2 Experimental setup

In order toevaluatethe currentmechanical and structural characteristiéthe samples taken
from the tr8&I58F renmuniVersahtesting Bachinand optical microscopes were use
such as: universal testing machine EDZ 40 and ZD10/90, Charpy pendulunB®3verdness
apparatus ZWICK 3212, stereo microscope MRS, optical microscope MeF2.

Electrochemical tests we performed by using Autolab 302N EcoChemie aftdrmerginghe
iron electrode for 1h in 3% NaCl solution. OCP meaments were carried out at the Oyi&incuit
Potential (OCP), the curves were recordgdrtingfrom the first moment of specimessmkingin a
free saline aerated test solution to observe the potential behaviour and qualitatively appreciate the
dissolution and/ocreationof a protectivdilm on the iron surface

Potentiodynamic polarization testing allowed to calculate the corrosion paranseich as
corrosion potential (Ecorr), corrosion current (Jcorr), polarization resistance (Rp) and corrosion rate
(Rcorr) for specimens. The polarization curves waigievedoy scanning the potential of iron from
1200 to 200 mV at acanrate of 1 mVé. EW the equivalent weight in grams/equivalent of iron alloy
(Ew = 27.93grams/equivalent), d the density in gfc(a7.86), and A the area of the exposed surface
of the electrode in cf(0.785 cm). The polarization resistancBp( ¢ ) , achiexesfrom the slope
of the plots of the applied potential against the measunedntiand the corrosion current Icorr (A) is
calculated using the Stefdeary relationship with equation (1):

Icorr =bx b /[ Rp 2.304 +bc)] (1)
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where: Tafel constantB, and b, represents the slope of the linear regions in V/decade of
current.

3. RESULTS AND DISCUSSION

Gravimetric methods were used to determine the chemical composition of specimens extracted
from the pipeline and wel di ng dzesulteare gifehia Tabl@3® c i n

The chemical composition of specimens was determined similarly to the reference
specifications. By analyzing the chemical composition of the WM, it is noted that the WM is
compatible with materials of pipes and elbows.

Table 3.Chemical composition of the main components of the specimens

Specimen Mn Cr Mo Ni W Ti Cu Bi
1 Base material pipeline  BM 0.38 4.80 0.45 - 0.61 - 0.08 0.33
2 Heat affected zone HAZ. 0.32 5.10 0.48 0.10 0.38 - - 0.33
(elbow side)
3 Welded metal WM 047 513 0.52 0.10 - 0.37 - 0.10
4  Heat affected zone HAZ, 048 5.00 0.46 0.01 0.62 - - 0.32
(pipe side)

The macroscopic analysis has revealed that the inner surface of the component is degraded b
selective corrosion phenomendocalized to the weled joint and adjacent areas, Figure 3. The
presence of active areas (areas with metallic gloss and colour change by corrosion products), anc
passivated areas (dark) has been found. It appears that degradation was initiated in the weld (Figure 3:
and has ppagated to the BM of the two components. Also, in the BM, pitting degradation has been
identified (Figure 3b).
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a) Weld no.24 WM and HAZ areas (detail) b) Weld no.24 HAZ and BM areas (detail)

Figure 3. Macroscopic images of WELD no. 24 (inrserrface).
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The elbow BM (Figure 4a) has a ferritic structure with punctiform complex carbides and
nonrmetallic inclusions (oxides, silicates) with a grain size -& 8M of the pipe (Figure 4b) has a
ferritic structure with complex carbides with a grairesof 67.

AN J
b) BM - pipe
Figure4.Mi cr oscopi c i mages of pipelinebo

Evidenced structures are normal for these materials. The microstructures of HAZ and WM
zones frompipeline before and after PWHT are presented in Figure$. $awas observed that the
structures before PWHT are not homogenous and presents rough seeds with a rather fibrous
morphology (Figures 5a, 5¢ and 5d).

Optical micrographs of HAZ elbow and side show peaféteite structures with complex
carbide and located areas of bainite and martensite. The micrographs of weld sample show a
dendritic structure (pearlite, ferrite, complex carbide, bainite and martensite in localized areas) and
revealed in the ferritpart the presence of uniform polygonal ferrite semu$ the formation of some
globular carbide particles between the ferrite seeds. This could be connected with precipitation of
chromium carbide during the thermal treatment and be a source efjiatedar corrosion. Because
the Cr content in the sample svéhe same as in BM, the corrosion is rather a result of the lack of
PWHT (or improper realization on site at the elbow replacement).

A
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a) HAZJ elbow side b) HAZ.1 elbow side (after PWHT)
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d) WM (after PWHT)

e) HAZ, 1 pipe side f) HAZ, 1 pipe side (after PWHT)
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©

Figure 5. Influence of PWHT at the microstructural lev€Elh e i ndi ces fAeo and
pipe

Very high (unaccepted) values of hardness in the WM andcheZe measured, a maximum
of 405HV10 in WM and 397HV1i HAZ. has been determined. The material brittleness depends on
the martensite quantity, thus an optimum quantity is required because too much martensite makes th
material brittle and too little yields a soft material.

These measured values are over twees higher than the highest value of BM (199HV10) and
the increase of hardness is a result of the increase of martensite content over the optimum quantity, du
to the welding process. This demonstrates that in this circumstance the welding inducedacaharp
stress state. The local hardening estimator calculated with equatiatert®nstrates that, at the
boundary, the conditions are met for brittle f

@HV10 = =50.9 % )

By varying heat treatment, improvement in the hardness of the specimens can be attained,
mainly depeding upon the amount of martensite in the structure.



