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Abstract Preferential weldment corrosion (PWC) of carbon and low alloy steels used for pipelines and process and piping systems in CO2-containing media has been observed increasingly in recent years. In particular, PWC has been detected on weldments made by the manual metal arc (MMA) process using electrodes containing Ni or Ni plus Cu. With information available and industrial experience to 2000, the mechanisms of this corrosion phenomenon were still unclear. It was not possible to predict the preferential corrosion rate that may be experienced, the exact location of attack (i.e. weld metal or HAZ), or the effectiveness of corrosion inhibitors. A programme of work sponsored by oil and gas operating companies, together with a UK health and safety regulator was conducted collaboratively by three international research organisations. The aim of this programme was to identify if methods of mitigation and prevention could be found in terms of a better understanding of the corrosion mechanisms, the effects of weldment microstructure and composition, including various small alloying additions, and the role of corrosion inhibitors. The results from this programme have been distilled into guidelines for the prevention or control of PWC, in carbon and low alloy steels systems transporting produced hydrocarbons with entrained water and CO2 but in the absence of H2S. The paper briefly describes the experimental approach and summarises the practical guidance derived from the project. The effects of brine conductivity, liquid film thickness, temperature, corrosion scales, and corrosion inhibition are discussed. Appropriate control of inhibition was established as the most reliable means of avoiding PWC. PWC should be considered during selection of inhibitors, since the



inhibitor performance may vary between the sections of the weld, and inadequate inhibition may, in some cases, increase selective corrosion rates. Recommendations on inhibitor testing, selection and deployment to avoid PWC are given. Introduction During the late 1990s, preferential weld corrosion (PWC) in CO2-containing media was observed on weldments made by the manual metal arc (MMA) process using electrodes containing Ni or Ni plus Cu. These electrodes had been selected as they had overcome similar problems in seawater injection systems and also provide benefits with respect to strength and toughness properties. The CO2-containing media problem was experienced in tees and other locations with flow interruption, and in some sections of pipeline and included topsides pipework and flowlines on wet gas, gas condensate and oil production facilities. Although much of the PWC experience was in the UK, including Central, Northern and Southern sectors of the North Sea and gas reception facilities on-shore, it has also been experienced in the Gulf of Mexico. It was expected that the location and morphology of attack might be influenced by many parameters, including the environment (water composition, pH, temperature, partial pressure of CO2, acetates), flow conditions, the weld metal composition relative to the parent pipe and the welding procedure. However, from the information available and experience, the mechanisms of this corrosion phenomenon were still unclear. It was not possible to predict the preferential corrosion rate that may be experienced, the exact location of attack (i.e. weld metal or HAZ), or the effectiveness of corrosion inhibitors. Corrosion inhibition was considered by some as a way to solve the problem if correctly applied, whilst there was some evidence to suggest that some corrosion inhibitors may increase PWC. It was not possible to differentiate between those systems that were prone to PWC and those that were not or to understand the apparent ineffectiveness of some corrosion inhibitors at apparently high dosage rates. In response to concerns raised by a number oil and gas operating companies, a Joint Industry Project (JIP) was conceived to address the problem. Sponsorship was provided by BP, ENI SpA, UK Health & Safety Executive, Petrobras,
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Saudi Aramco, Shell, Total and in part by Clariant UK Ltd with the research and experimentation work conducted jointly by TWI, CAPCIS and IFE. The project was conceived to identify if a solution could be found in terms of a better understanding of the corrosion mechanisms, the effects of weld microstructure and composition, including various small alloying additions, and the role of corrosion inhibitors.



of conductivity on PWC. Preliminary tests were also carried out on corrosion inhibitors under both aqueous ‘thin film’ and ‘bulk solution’ conditions. Three corrosion inhibitors were chosen to give a range of formulations and expected performance. Following these initial studies, most work was carried out with one chosen inhibitor and this was also used for the flow loop studies in Task IV.



Guidelines were derived from the work to assist the prevention or control of PWC of ferritic steels in wet hydrocarbon production systems containing CO2.



TASK II: PRODUCTION AND MICROSTRUCTURAL ANALYSIS OF WELDMENTS WITH VARIOUS MICROSTRUCTURES AND WELD METAL COMPOSITIONS In Task II, 12 weldments with different weld metal compositions (all based on C-Mn steel chemistry), made using TIG and MMA processes were produced and characterised. The 1% Ni weld metal was used throughout the study as the baseline by all three research groups. Alloying elements that were considered in this study were Ni, Mo, Cr, and Si (at levels up to around 1%). The welds exhibited a range of microstructure, which was quantified in terms of the root weld metal hardness, grain size, microstructure refinement and amount of aligned second phase and the root HAZ hardness.



Experimental Programme The work carried out in the project was conducted as four main tasks: • • • •



Task I: Review of industrial experience and studies on 1%Ni welds both with and without inhibition. Task II: Production and microstructural analysis of 12 weldments with various microstructures and weld metal compositions. Task III: Quiescent corrosion studies on various weldments. Task IV: Flow loop corrosion & inhibitor tests on various weldments.



A range of test conditions, including temperature, chloride concentration, flow rates and inhibitor concentration, was selectively varied during tests in all tasks. However, throughout the project, the main baseline test conditions used were: Temperature NaCl CO2 pH Duration



60ºC Between 0.35g/l (low chloride) and 35g/l (high chloride) 1 bara 5-6 14-30 days



These conditions were selected because they were consistent with the conditions met in a fully documented case of PWC observed in the field by one of the sponsoring operators. TASK I: REVIEW OF INDUSTRIAL EXPERIENCE AND STUDIES ON 1%Ni WELDS This Task focussed on corrosion of 1% Ni-containing weldments. An initial review of literature and operator experience, prior to the project, indicated that environment resistance (brine conductivity and film thickness) and inhibition might be important factors in relation to the location and severity of preferential weld attack. The review was updated as part of the JIP. Procedures were developed to enable electrochemical measurements to be made under thin film conditions in an annular rotating cylinder system. Tests were then carried out to assess the effects of environment (e.g. flow, temperature and chloride content) on weldment corrosion behaviour. The data from these tests were used to validate a one-dimensional model to predict the effect



TASK III: QUIESCENT CORROSION STUDIES ON VARIOUS WELDMENTS A nominally quiescent (low flow but with solution renewal) rig was used in Task III to investigate the film formation and PWC behaviour of the 12 weldments in low and high chloride bulk conditions. This allowed assessment of the effects of weld metal chemistry and weld root microstructure on PWC for high and low conductivity solutions. TASK IV: FLOW LOOP CORROSION & INHIBITOR TESTS ON VARIOUS WELDMENTS A flow loop was used to test 8 weldments selected based on the results of Task III tests. The effects on PWC of solution conductivity, flow and inhibition (using the inhibitor selected in Task I) were investigated. Film formation investigations were also conducted under high flow conditions in the flow loop. Summary of Results The findings from the research program resulted in: • • • • •



revised methods for testing and modeling sensitivity of weldments to PWC. an understanding of the corrosion mechanism in progress during PWC. an insight to the effects of temperature and scale formation. an understanding of the role of corrosion inhibitors. an indication of the role of metallurgical and welding variables.



These findings were then used to produce a series of guidelines for the prevention or control of PWC. These apply to carbon and low alloy steels used for pipelines, process and piping systems transporting produced hydrocarbons with entrained water and CO2 but in the absence of H2S. In
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particular, they apply to carbon and low alloy steels welded with consumables depositing around 1% Ni weld metal. Preferential corrosion of welds without deliberate alloying or containing increased levels of Si, Cr or Mo can also be expected, although the effect may be less pronounced than for 1%Ni weld metal. Consideration should therefore be given to the selection of an appropriate weld metal composition by recognizing the potentially detrimental effect on corrosion behavior produced by alloying, versus any beneficial effect on mechanical properties, (particularly the detrimental effect of Ni on corrosion performance compared with any toughness benefit). It is recommended that these guidelines should be followed for all carbon and low alloy steels used for wet hydrocarbon pipework, flowline or pipeline service. Service experience also indicates gas/gas condensate production systems are more prone to PWC damage than oil systems. Disucssion Controlling Factors Preferential weld corrosion is the localised dissolution of metal associated with welds. It is a selective form of attack, which corrodes either the weld metal and/or heat affected zones (HAZs) rather than adjacent parent material. Under laboratory test conditions (1 bar CO2; 40ºC - 80ºC; 0.35-35 g/l chloride solution content), PWC degradation rates up to 12mm/yr have been observed. Similar rates have been seen under field conditions. Since it is a selective form of attack, PWC should not be mitigated against through the use of additional corrosion allowance, particularly when designing pipework systems or flowlines. Similarly, care should be exercised, in estimating remaining or minimum allowable thicknesses when performing fitness for purpose analyses on existing systems affected by PWC. Factors known to influence PWC are: •



• • • • • •



Electrochemical properties of the materials and any corrosion cell forming around the weld joint, including:- Electrical resistance, corrosion current and potential with respect to weld metal (WM), heat affected zone (HAZ) and parent material (PM). Water phase liquid film thickness and conductivity. Temperature and tendency to form corrosion product (protective) scales. Corrosion inhibitor effectiveness (inhibitor film formation and composition). Pre-corrosion times (uninhibited period before application of any corrosion inhibitor). Flow pattern and flow induced shear stress. Weld joint metallurgy (microstructure of HAZ, WM and composition of WM).



Electrochemical Characteristics The driving force for a galvanic corrosion process is the potential difference and hence current flow between anode and cathode in the corrosion cell. Under preferential weld corrosion conditions, the required electrolyte to complete the
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current path arises from the presence of a conductive liquid film connecting the anode and cathode. Features specific to this electrolyte exert a crucial influence on the corrosion behaviour under wet hydrocarbon service conditions. Various corrosion cells may be produced or suppressed depending on the electrochemical characteristics of the components involved. This may include corrosion cells entirely within the weld metal, HAZ or PM or across various areas of the joint enveloping the PM, HAZ and WM. Liquid Film Conductivity (Resistance) The corrosion behaviour of welds has been found to vary depending on the resistance of the liquid film acting as an electrolyte. Film resistance is in turn, known to be a function of liquid film thickness and/or the presence of conducting species (dissolved ions, e.g. Cl-) within the electrolyte. In operating terms, this means there can be a difference in corrosion behaviour between the presence of annular films (i.e. low water cut, high electrical resistance condensed water) and the presence of highly conductive, bulk phase, saline, produced water. With high resistance thin films, the corrosion behaviour of the various weld components (WM, HAZ, PM) is determined by the metals’ intrinsic corrosion rate, e.g. it is known that the intrinsic corrosion rate of Ni containing steels in a water wet hydrocarbon production environment containing CO2 is higher than for unalloyed carbon steel(1). In low conductivity films there is minimal galvanic current due to high solution resistance. Therefore, there is no beneficial effect of having a “cathodic” weld metal, and therefore cathodic weld metals, e.g. 1% Ni, are not necessarily safe, since they will corrode inherently faster than carbon steel. Corrosion of Ni-containing weld metal can therefore be expected to proceed at a higher rate than that of adjacent carbon steel. Hence under these conditions, corrosion of a weld may give the appearance of accelerated attack. In fact the materials are corroding at their natural “uncoupled” rate. Any galvanic effect will only accentuate corrosion of the adjacent anodic HAZs, but this would not be expected to extend to the parent material, again due to the high electrical resistance of the condensed water thin film. The process, however, is further complicated by the additional effect of other film formation, such as a corrosion scale, or from a corrosion inhibitor film, as discussed later. With entrained high conductivity brines, e.g. saline produced water; a galvanic effect comes into play. In the case of parent carbon steels with 1% Ni weld metals, the galvanic effect serves to reduce the corrosion rate of the weld metal to less than that of its own natural rate, but will not provide complete protection to the weld. Thus the selectivity of corrosive attack on the weld metal is reduced, but since the high Cl- produced water is a more corrosive environment than condensed water, the overall corrosion rate across the joint increases (i.e. all parts corrode faster). In the case of anodic weld metals, the galvanic effect can be significant due to the surface area ratio effect, i.e. the surface area of the parent pipe is several orders of magnitude greater
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than that of the weld. This can significantly increase the selective corrosion of the weld metal. In summary, in highly conductive brines, cathodic weld metals tend to be less prone to selective attack than anodic welds but the overall corrosion rate of all materials will increase compared to condensed water environments. High PWC rates can be expected in anodic weld metals. Temperature and Corrosion Generally, corrosion rates increase with temperature until protective scales are formed on the metal surfaces. However, protective scale formation is also affected by other factors such as flow rate, pH and Fe2+ saturation. It has been found that between around 60oC and 80oC, a protective scale tends to form selectively on 1% Ni weld metals providing a level of protection, which may not be sufficiently present on PM or the HAZs to provide adequate protection. Although not immune, PWC may affect 1%Ni weld metals to a lower degree above 80oC. The research on which these guidelines are based(2) did not include testing at 80°C, hence data are not available to confirm that 1%Ni weld joints above 80oC are completely protected. Below 60oC, lightly adherent scales are produced, which are ineffective in providing protection and may even interfere with corrosion inhibitor film formation. Corrosion scales formed at these temperatures tend to contain local disruptions or flaws and to be prone to local damage or flaking, e.g. due to highly turbulent flow conditions. This can be exacerbated by other local flow disturbances such as protruding weld root profiles. Incomplete or disrupted corrosion scales formed at any temperature can be detrimental, causing localised attack to occur. As noted above, incomplete scale formation is also more prevalent under highly turbulent, or high shear conditions, where experimentation has shown that PWC rates can increase. The effect of protective scales is also pertinent to the performance of corrosion inhibitors as discussed below. PWC Prediction in Thin Films A model(3) has been developed to aid prediction of the susceptibility of welds to PWC in thin film corrosive environments. The model is based on an understanding of the electrochemistry pertaining to a weld exposed to a corrosion cell and utilizes results from simple corrosion tests to estimate susceptibility to PWC. It does not however, predict the corrosion tendency from first principles, weld metallurgy or solution chemistry. The inherent (uncoupled) corrosion rates, the difference in the corrosion potential of the weld and parent materials, the resistivity (conductivity), of the solution, the thickness of the liquid film and the width of the weld are used to identify PWC performance within safe/unsafe areas on a corrosion regime map. The model was validated during the project and was made available to project sponsor companies.
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Corrosion Inhibitor Effects Applying corrosion inhibitors to carbon steel and low alloy steel pipework systems or flowlines transporting wet hydrocarbon fluids containing CO2 has several significant potential effects. The selection and application of corrosion inhibitors must not be considered a simple process, since an inappropriate choice and/or poor application of inhibitor may make PWC more acute. The correct selection and application of corrosion inhibitor however, may provide adequate protection over a facility’s field life. Selection and application must take into consideration all parameters that may affect inhibitor performance, and not just the technical performance of an inhibitor product based on a narrow series of laboratory tests. These parameters should include environment parameters such as water cut and chemistry, flow regime, preservice corrosion and inhibitor availability. Corrosion inhibitors must be selected on the basis of their proven performance in protecting all sections of the pipework system (including WM, PM and HAZs). (See Corrosion inhibitor selection below). When galvanic effects become significant (i.e. in high conductivity electrolytes) application of corrosion inhibitors can have the effect of reversing the polarity of weld metals in an active corrosion cell, e.g. in the case of carbon steel with 1%Ni welds, the WM can change polarity from cathodic to anodic. If sufficient inhibitor is applied to provide a protective film then this effect can be eliminated, since the corrosion cell is prevented from forming. However, where only partial film formation is achieved or in highly turbulent regions, inadequate application of corrosion inhibitor may increase selective corrosion rates. Corrosion inhibitors should also have the ability to penetrate and provide protection under non-protective scaling conditions, i.e. should be able to penetrate lightly adherent FeCO3 scales. Corrosion inhibitors containing thiosulphate have been shown to be particularly effective in controlling PWC if applied at the correct dosage rate before the onset of corrosion. As noted above, if an insufficient dosage of corrosion inhibitor is applied, including those containing thiosulphate, PWC rates may be exacerbated. There can be a significant difference in performance between corrosion inhibitors depending on their formulation and treating regimes. This clearly demonstrates that care should be taken with inhibitor selection and treating practices. Early deployment of corrosion inhibitors is essential, i.e. at or before any corrosion process is established if PWC is to be controlled. Consideration should also be given to the effect of pre-production corrosion, e.g. resulting from hydrostatic pressure testing or periods when plant is standing idle before commissioning. The effect of lightly adherent non-protective scales and the difficulty in achieving adequate inhibitor film protection once corrosion has initiated, must be taken into account when developing corrosion inhibition programs. Research has shown that the effect of extended pre-corrosion periods may be to reduce the effectiveness of corrosion
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inhibitors, which must be compensated by an increase in treating rate to stifle any established corrosion cells(2). Adequate concentrations of a compatible corrosion inhibitor are therefore essential, since inadequate levels or use of a noncompatible inhibitor formulation may increase PWC effects, as would periods of loss of inhibitor supply. For new pipework systems, “over-dosing” of corrosion inhibitor in the early weeks of operation is recommended. For old or existing systems, i.e. those already affected by preferential weld corrosion, over-dosing of inhibitor is also recommended. Given the above, pipework systems containing highly turbulent (high shear) flow patterns, thus resulting in poor protective film formation, may prove very difficult to protect. Corrosion Inhibitor Selection and Testing Corrosion inhibitor selection should be based on the operating requirements of the production system and the conditions pertaining thereto. It should include the effect of environment conditions (condensed or produced water, liquid film thickness, chloride content, inhibitor film persistency and precorrosion periods) as well as the normal test conditions of temperature, CO2 partial pressure, etc. Inhibitor testing should include weld metals and not be restricted to the parent steel. Inhibitor performance may be based on electrochemical testing programs as outlined in Fig 1. The use of electrochemical testing with segmented electrodes is recommended for estimating corrosion rates or evaluating corrosion inhibitor effectiveness, Fig 2. For measuring performance in high resistivity (low conductivity) thin films, e.g. low water cut applications, Electrochemical Impedance Spectroscopy (EIS) with a remote counter electrode and explicit electrode coupled/uncoupled measurements is the preferred method, since this allows the effect of solution resistance and current distribution to be taken into account. Such testing may be performed in bulk solution, with use of the PWC model to make an appropriate correction for thin film effects, or under simulated thin film conditions, e.g. thin annulus rotating cylinder electrode or flow loop. Corrosion inhibitor effectiveness in low conductivity bulk solutions should be measured using EIS in bulk solutions. Measurement of corrosion rates or inhibitor performance for applications where a high conductivity liquid phase is present may use segmented electrodes and Linear Polarisation Resistance (LPR) techniques. Weld Metal Composition and Microstructure Within the limits of the research carried out, no weld metal alloy, or microstructure has been found to be immune to PWC. These results however are based on manual metal arc (MMA) welding or tungsten inert gas (TIG) welding processes. No data has been produced for automatic welding processes, which may be deployed during pipeline construction.



5



As noted above, of the weld alloys tested, 1% Ni showed the poorest resistance to PWC. Si additions to the weld metal also produced detrimental results, whilst Mo had little effect (slightly detrimental), and Cr showed no benefit in the alloy range included in the test program. Welding consumables depositing weld metal with a composition “matching” the unalloyed parent metal or autogenous welds were found to be the least prone to PWC attack. For most applications, autogenous welding is impractical, therefore weld metals matching the parent steel composition are recommended. Where there is a requirement for enhanced mechanical properties, alloyed weld metals may be used, however, due consideration to controlling PWC should be given. Hybrid welds also may be considered where matching consumables may be used for deposition of the root and second pass to minimize PWC followed by alloyed weld metal for good toughness. Caution should also be exercised here, as matching consumable welds are not immune to PWC. However, if a hybrid approach was adopted and PWC corrosion slowly progressed through the matching weld metal, increased corrosion rate may be anticipated once the alloyed fill and cap material was reached. Minor effects of weld microstructure have been found. Increasing grain size and aligned second phase were shown to be detrimental, (see Fig 3), as was increase in hardness. Conversely, a refined microstructure, resulting from subsequent weld pass reheating, showed a slightly lower susceptibility to attack. Only minor effects of welding procedure can therefore be expected, performance being dominated by the choice of weld metal. Compositional effects, particularly Ni addition, are greater than the microstructural effects. Monitoring PWC Monitoring for the onset or progress of PWC may be based on a number of techniques. Examples include: Corrosion rate monitoring utilising Electrical Resistance probes containing a sensing element made from representative weld metal. Monitoring using a segmented weldment probe Corrosion inhibitor injection availability uptime measurement. Corrosion inhibitor residual measurement in flow streams. Ultrasonic wall thickness measurement, (includes time of flight diffraction (TOFD) and statistical analysis for trending wall loss rate). Guidelines The following recommendations are made for practical application to new and existing assets: •



Inhibition and localized scaling take precedence over microstructural and compositional influences in promoting PWC. Industry should consider the implications of this for system design and control.
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electrode probe or an electrical resistance probe with a sensing element made from representative weld metal.



The modified electrochemical impedance spectroscopy (EIS) method developed in this project can be used in the laboratory assessment of PWC in low conductivity thin film solutions.
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The selection of inhibitors and determination of the correct dosage using electrochemical techniques should be conducted using segmented weld samples as opposed to only the parent material.
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The effects of pre-corrosion, which are related to duration and the type of environment, on corrosion inhibitor performance should be considered before testing. A suitable pre-corrosion time should be selected based upon the application considered (i.e. new or existing facility, history of corrosion inhibition for existing facilities).
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Metallurgical control via welding procedure selection may be used to limit the potential for preferential attack, but no weld metal composition or microstructural feature has been found to eliminate PWC from the welds examined. Use of consumables without Ni addition, i.e. with composition approximately matching that of unalloyed parent steel, is recommended for the control of PWC but requirements for weld metal toughness may over-ride this restriction. In the field, corrosion inhibitor injection rates may be optimized using a weldment probe, e.g. a segmented
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Fig 1 Test Procedure Methods for Measuring PWC Rates or Corrosion Inhibitor Performance in High or Low Conductivity Thin Films or Bulk Solutions.
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Fig 2 Segmented Electrode arrangement.
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a) a) Unalloyed weld metal with a fairly coarse prior austenite grain size and a high level of aligned second phase. Maximum weld metal hardness = 241HV5, grain size = 12µm. Weld was deposited in X52 pipe with the TIG process and an ER70S-6 wire. The microstructure promotes PWC but the composition does not.



b) b) Weld metal with 0.6%Ni, a fairly fine ferrite grain size and little aligned second phase. Maximum weld metal hardness = 200HV5, ferrite grain size = 7µm. Weld was deposited in X52 pipe by the MMA process, using E8018-C3 coated electrodes. The composition promotes PWC but the microstructure does not. Fig. 3 Weld metals with a tendency towards PWC
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