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Abstract 
Welding stainless steel creates an oxide film, heat tint, on the surface and around the joint. It 
disrupts passivation and influence the corrosion resistance for the material. The result is often 
a decrease in pitting corrosion resistance for the joint and surrounding area. The heat tint is 
therefore commonly removed by post weld cleaning. Chemical pickling is traditionally 
performed on stainless steel welds as a mean to ensure passivation. The method is however 
hazardous both for the environment and from a safety aspect, because of the harsh chemicals 
used. It is also increasingly hard to perform on high alloyed stainless steel due to the need for 
a longer application time and more concentrated chemicals. The problems have led to an 
interest in alternative methods, for example electrolytical cleaning and laser ablation. 

 

Two varieties of electrolytical methods and laser ablation have been investigated in 
comparison to chemical pickling for five differently alloyed stainless steels. They have been 
ranked based on the critical pitting temperature (CPT) in reference to un-welded and welded 
samples and further examined microstructurally. An increase in CPT was generally seen for 
the cleaning methods, compared to the as-welded samples, in some cases obtaining the same 
CPT as the base material. The difference between the cleaning methods was usually not major 
and varied depending on material, therefore it is hard to clearly rank one method as superior. 
Chemical pickling did however tend to result in smaller or fewer pits at CPT compared to the 
other methods. Process defects or unfavourable structural change caused by welding was 
ruled out based on microscopy, microstructural analysis and ferrite measurements. SVET 
analysis was performed on one material for the cleaning methods and an as-welded sample. It 
was indicated that the sample with heat tint remaining and the laser ablated specimen were 
prone to pitting in the area closest to the weld. The chemically pickled sample showed some 
activity in the heat affected zone, while the two varieties of the electrolytical methods were 
passive. The activity was, however, not investigated for the weld metal.  

 

It is concluded that chemical pickling can be used as an effective cleaning method, but that an 
electrolytical method or laser ablation is much faster, less harmful and also tends to facilitate 
passivation. An electrolytical method or laser ablation might therefore be more beneficial, 
compared to chemical pickling, depending on the application requirements.   
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Sammanfattning 
 
Svetsning i rostfritt stål bildar ett oxidlager, missfärgning, på ytan och runt fogen. Detta stör 
passiveringen och påverkar korrosionsegenskaperna hos materialet. Resultatet blir ofta en 
reducering av motstånd mot punktkorrosion i fogen och kringliggande områden. 
Missfärgningen tas därför vanligtvis bort med svetsrengöring. Traditionellt så används kemisk 
betning på svetsar i rostfritt stål för att möjliggöra passivering. Denna metod är dock farlig för 
både miljön och operatören, detta på grund av de starka kemikalierna som används. Det blir 
också försämrad effekt på mer höglegerade stål då de kräver en längre exponeringstid samt 
högre koncentration av kemikalierna. Dessa problem har lett till ett ökat intresse för 
alternativa metoder, till exempel elektrolytiska lösningar eller laserablation. 

  

Två varianter av elektrolytiska metoder och laserablation har undersökts samt jämförts med 
kemisk betning på fem olika legerade rostfria stål. Metoderna är rangordnade baserat på den 
kritiska temperaturen för punktkorrosion (CPT) med grundmaterial och orengjorda svetsprov 
som referens vars mikrostrukturer tidigare hade undersökts. Ett ökat CPT-värde 
uppmärksammades generellt för samtliga rengöringsmetoder, jämfört med de orengjorda 
proven, och i vissa fall uppnåddes samma CPT-värde som för grundmaterialet. Skillnaden i 
CPT-värde mellan de olika rengöringsmetoderna var inte markant och varierade beroende på 
material, vilket gör det svårt att utse en överlägsen metod. Däremot visade kemisk betning en 
tendens på att utveckla mindre och färre gropar vid samma CPT-värde som de andra 
metoderna. Defekter som uppkommer vid processen eller ogynnsamma förändringar i 
mikrostrukturen orsakad av svetsning kunde uteslutas med hjälp av mikroskopiska bilder av 
ytan, utvärdering av mikrostrukturen och mätning av ferrithalt. SVET analys utfördes på ett 
material med samtliga rengöringsmetoder och orengjord svets. Det visade sig att de 
orengjorda proven och proven rengjorda med laser var benägna till punktkorrosion i området 
närmast svetsen. De kemiskt betade proven visade delvis aktivitet i den värmepåverkade 
zonen, medan proven rengjorda elektrolytiskt hade passiverats. Strömaktiviteten mättes dock 
aldrig på svetssträngen. 

    

Det visade sig att kemisk betning kan användas som en effektiv rengöringsmetod, dock är de 
elektrolytiska metoderna och laserablation mycket snabbare metoder, mindre skadliga och de 
möjliggör passivering. En elektrolytisk metod eller laserablation kan därför vara mer 
fördelaktigt, jämfört med kemisk betning, beroende på vilka krav som ställs på applikationen.  
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1 Introduction 
 

The heat induced during welding stainless steel causes an alteration in the otherwise 
protective chromium layer on the surface. A multi coloured tinted band of thermal oxides is 
created in the process. The spontaneous phenomenon of passivation is disrupted by these 
thermal oxides, which are orders of magnitudes thicker but still have some protective 
properties. In order to accomplish passivation, ensuring similar corrosion properties as 
expected from the original material, the oxide layer needs to be removed [1].  

 

Studies show that welding parameters influence thickness and composition of the oxide, so 
detrimental effects can be diminished by parameter optimisation. However, optimising 
welding parameters cannot completely prevent the formation of oxides on the surface and 
some form of post weld cleaning is therefore often necessary. Common practices today are 
conventional pickling methods, often together with a pre-cleaning method such as mechanical 
brushing, for removal of weld oxide layers. Chemical pickling may be done in a pickling bath 
or with pickling paste and has been found to be an efficient way for eliminating oxides on low 
alloyed stainless steels. Pickling however becomes successively more difficult on high 
alloyed stainless steels and can fail to accomplish a full removal of the oxide. In addition, the 
pickling pastes used are harmful to the environment and require special handling, also a 
comparably long application time [2]. It is of great interest for companies to find an 
appropriate cleaning method, which can effectively eliminate the weld oxide layer on high 
alloyed stainless steels, while being less hazardous to the environment and easy to use on site. 
Therefore, the purpose for the project is to contribute by investigating suitable alternatives to 
conventional pickling. Accomplishing higher productivity by more efficient post weld 
cleaning methods is of great importance for the fabrication of stainless steels. Optimisation 
affects both the economic and technical aspects. Finding a fast, effective, safer and 
environmentally friendly cleaning method for high alloyed stainless steels will reduce costs 
by faster production and enable longer life spans. 

       

Electrolytical cleaning and laser ablation are two less traditional cleaning methods of interest. 
Previous studies have examined neutral electrolytical pickling in steel production lines. 
However, there is a lack of conclusive assessments for high alloy stainless steels affected by 
weld oxides [3, 4]. Cougartron and Fronius are two companies that provide equipment for 
electrolytic cleaning. According to the manufacturers they offer a fast, easy to use and 
comparably environmentally friendly cleaning method that effectively removes the oxide. 
Studies arguing the success of laser cleaning have concluded that a full elimination of the 
oxide layer can be accomplished with the method [5, 6]. There are however some 
uncertainties whether laser ablation affects the underlying metal or not.  

 

The goal is to investigate the corrosion properties of alternative cleaning methods in relation 
to chemical pickling, with reference to welded and base material stainless steel alloys. Focus 
is on one type of corrosion, pitting corrosion, commonly seen in high alloyed stainless steel. 
The work will in addition emphasise efficiency, safety and environmental aspects for the 
methods.  
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2 Literature review 
 

Understanding the origin of thermal oxides and their influence on the properties of high 
alloyed stainless steels is the main focus of this project. Knowledge regarding the effect 
welding parameters and shielding gases have on the oxide formation is also of great 
importance for an accurate discussion with relation to corrosion resistance. 

 

2.1 Stainless steels and nickel base alloys   
 

Steels containing a weight percentage of minimum 10.5% chromium and maximum 1.2% 
carbon are defined as stainless steels and are highly resistant to corrosion [1]. There are 
various stainless steel alloys, with different weight percentages of alloying elements.  

 

Austenitic stainless steels generally contain higher content of nickel and chromium. The most 
common standard grade contains a weight percentage of approximately 18% chromium and 
8% nickel. The steels are generally non-magnetic and with a high resistance to corrosion. 
Furthermore, austenitic steels have good formability and weldability [7]. A small amount of 
ferrite, approximately 2%, is commonly present in austenitic stainless steel intended for 
welding. Ferrite facilitates solubility of impurities, mainly sulphur and phosphorus, which 
decreases the risk of solidification cracking during welding [8].   

 

Stainless steels with a two-phase microstructure, roughly 50% ferrite and 50% austenite, are 
known as duplex stainless steels. These exhibit many of the positive properties of both the 
austenitic and the ferritic steels. The duplex steels tend to display excellent strength, 
toughness and ductility, while maintaining weldability and corrosion resistance. Super-/hyper 
duplex stainless steels contain the same alloying elements as regular duplex stainless steels, 
however with a higher amount of chromium, nitrogen and molybdenum. Addition of nitrogen 
and molybdenum results in greater resistance to corrosion and increased strength [9].  

 

Nickel-based alloys contain nickel as the main element and are alloyed with for example iron, 
chromium and copper. They have exceptional corrosion resistance, as nickel stabilises 
austenite, preserves ductility in low temperatures, as well as maintains strength in higher 
temperature applications [10]. 
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2.2 Weld methods used for stainless steels 
 

Depending on the type of stainless steel, requirements and application different welding 
methods have their benefits. The 300 series austenitic stainless steels, generally alloyed with 
18-30% chromium and 6-30% nickel, are commonly used in fabrication and are relatively 
easy to weld, while super austenitic, super duplex or duplex often require more consideration 
[11].      

 

GTAW, Gas Tungsten Inert Welding, also called TIG, Tungsten Inert Gas, is distinguished by 
its versatility and the aesthetic appearance of finished weld. By adjusting the current it is 
possible to weld high quality joints with low heat input. The process can be mechanised and 
utilised with or without filler wire. In order to maintain corrosion resistance in stainless steel 
welds an inert shielding gas is applied.  

 

PAW, Plasma Arc Welding, offers narrow joints with a deep penetration because of the 
concentrated transferred arc. Most commonly it is used in an autogenous mechanised system, 
with argon as shielding gas. However, the method is restricted to thinner goods, with a limit 
for square edge butt joints of approximately 8 mm. It is possible to combine PAW/TIG in a 
hybrid system and use filler wire for greater thicknesses.  

 

GMAW, Gas Metal Arc Welding, commonly referred to as MIG/MAG may be used manually 
or mechanised. The process provides relatively high productivity due to the continuous feed 
of a consumable wire electrode. Depending on material and application there are different gas 
mixtures available. A version of the MIG/MAG system is FCAW, Flux Cored Arc Welding, 
which replaces the solid wire with a tubular wire with flux or metal powder. It provides 
higher rates of weld deposit and can decrease the need for post weld cleaning, compared to 
MIG/MAG. 

 

SAW, Submerged Arc Welding, is fully mechanised and often used for high productivity 
stainless steel welding, especially for thicker goods, because of the protection provided 
against oxidation by the flux powder. 

 

Laser welding can be beneficial for stainless steel due to the intensity of the beam with the 
possibility of deep penetration in semi-thick sections, while maintaining little material 
distortion [11].      
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2.3 Corrosion 
 

The ability to resist corrosion, characteristic for stainless steels, is a result of a passive surface 
layer, which makes the otherwise chemically reactive metal surface inert. The protective layer 
forms spontaneously and consists of a thin chromium rich oxide film, which is automatically 
generated on the surface if the metal suffers damages or scratches, provided that the 
surrounding contains a sufficient amount of oxygen. Stainless steels are, however, not 
immune to corrosion, because the passive layer cannot be maintained or reformed after 
damage in unfavourable environments. A transition from a passive to active surface can occur 
locally when chromium oxides cannot re-generate due to lack of oxygen in a specific area, for 
example a narrow corner, a mechanical joint or welded joint [1]. Corrosion is categorised 
based on cause, the course of growth and appearance. In stainless steels common types of 
corrosion include uniform or general corrosion, and localised corrosion such as crevice and 
pitting corrosion [12].  

 

Uniform corrosion is distinguished by an even growth rate across a surface in a corrosive 
environment [12]. When studied on the microscopic scale the electrochemical oxidation and 
reduction reactions occur randomly on the surface leaving behind a uniform layer of corrosion 
[13]. The extent of corrosion is estimated by an average value of the corrosion depth or by 
material loss per surface unit [12].  

 

Crevice corrosion can occur in most metals, but the phenomenon is especially prominent in 
passive surface metals like stainless steels. Corrosion arises in or close to a narrow crevice in 
the presence of corrosive liquid. The localised corrosion leads to breakdown of the passive 
surface layer of the stainless steel [13], a decrease in pH and an increase in chloride content, 
which accelerate the corrosion rate in the crevice. Once steady-state is established and a stable 
electrochemical potential is reached, the metal surrounding the crevice experiences cathodic 
reduction of oxygen from the environment while oxidation at the anode corrodes the inside of 
the crevice [12]. 

 

Pitting corrosion is, in similarity to crevice corrosion, caused by a localised difference in 
electrochemical potential which corrodes the steel at the anode. The rapid increase in severity 
after initiation makes pitting corrosion relatively harmful [12]. The corrosion type is 
characterised by the nearly vertical pits from the surface and into the material. Like crevice 
corrosion, oxidation in the pit and reduction reactions on the surrounding material leads to 
corrosion inside the pits [13]. The tendency for a stainless steel base material to experience 
pitting corrosion can be estimated based on the amount and type of alloying elements. An 
empirical formula for Pitting Resistance Equivalent (PRE) is utilised to predict this. There are 
different varieties of the formula, a common version is presented in equation (1) [14]. 

 

 𝑃𝑅𝐸 = %𝐶𝑟 + 3.3 %𝑀𝑜 + 16 %𝑁. (1) 

    

The concept of PRE-value for predicting the resistance against pitting corrosion is often 
applied to ferritic and duplex, as well as austenitic, steels but is only a rough predictor.  It has 
been developed for materials in the solution annealed condition and does not take into account 
factors such as the presence of secondary phases. Investigations have shown that particularly 
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nitride precipitates have a large influence on the pitting corrosion resistance, subsequently the 
indication given by the PRE-value might be incorrect. Furthermore, nitrogen acts as an 
austenite stabiliser in duplex stainless steel, resulting in a nitrogen concentration in the 
austenitic phase approximately twice the bulk analysis. It suggests that the influence of 
nitrogen on the PRE-value in austenitic stainless steel might be considerably higher. In 
addition; it has been shown that other alloying elements, beside nitrogen, behave and affect 
the material differently in ferritic, austenitic and duplex steels [15]. An investigation on the 
influence of different alloying elements and their impact on localised corrosion, showed that 
nickel can have a different impact on pitting and crevice corrosion resistance. High nickel 
alloyed austenitic steels displayed lower crevice corrosion resistance, compared to low nickel 
content ferritic steels. Manganese has been determined to affect both the pitting and crevice 
corrosion resistance negatively [16].        

 

Investigation of pitting corrosion often includes noting the number of pits per surface unit, as 
well as the depth and diameter of the pits [12]. A technique for pitting corrosion evaluation 
can be found in the standard ASTM G48 Method E. The process involves exposing the metal 
to a corrosive medium at different temperatures. The corrosive solution consists of 6% FeCl3 
+ 1% HCl and the temperature is increased in increments of 5°C. The temperature is increased 
in steps until pitting occurs, defined as pits reaching a minimum depth of 0.025 mm. This 
allows a ranking between different materials based on their critical pitting temperature (CPT) 
[17]. It should be noted that ASTM G48 Method E excludes corrosion attacks occurring on 
the cut edge of the specimen. As a result, the indicated CPT can be inaccurate as the cut edge 
attacks may provide a minor cathodic protection against pitting on the surface. Another 
standardised electrochemical method for pitting corrosion assessment is ASTM G150, which 
utilises a 1M NaCl solution. A benefit with ASTM G150, compared to ASTM G48 Method E, 
is that the problem with crevice attacks occurring in the contact area to the specimen holder is 
removed. The method requires the flushed-port Avesta-cell which exposes a 10 cm2 circular 
section of the specimen to a constant current potential of +700mVSCE in the test solution. The 
start temperature of the test is 0°C which is continuously increased with 1°C/min. Based on 
current density monitoring it is possible to identify a CPT for the specimen. The standard 
defines CPT as the temperature when the current density exceeds 100 µA/cm2. [17] The 
Avesta-cell however requires a flat test surface, which makes it hard to use the method for 
investigating CPT of a welded specimen.                
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2.4 Formation and effect of oxides 
 

The elevated temperature during thermal processing and welding causes growth of thermal 
oxides on the surface of a metal. The oxide layer forms when subjected to temperatures above 
300-400 °C and can be visually noticed as a multi coloured tint (Figure 1) adjacent to the 
weld. 

 

 
Figure 1. Heat tint on GTAW duplex 2205 with Ar shielding gas 

 

The change in colour indicates thickening of the natural oxide layer, originally 2-4 nm thick, 
on the surface of the metal [18]. The colour of the tint is claimed to correspond to the 
thickness of the oxide layer; a pale straw yellow shade is linked to a thinner oxide layer that 
gradually thickens until showing as a dark grey shell [1]. 

 

2.4.1 Characterisation of oxides 
 

A suggested approach for analysing the oxide layer characteristics and influence of post weld 
cleaning on pitting corrosion has been previously examined [19]. The investigation was aimed 
at evaluating the corrosion resistance in the heat tint, for GTAW welded joints in stainless 
steels 2507 and 316L, with regards to shielding gas composition and oxide removal method. It 
was determined that a suitable method for analysis was a combination of Scanning Vibrating 
Electrode Technique (SVET), critical pitting temperature (CPT) and small spot X-ray 
photoelectron spectroscopy (XPS). The techniques were used in the following ways: 

 SVET proved to be useful when examining the activity of heat tints. It provided 
information about oxide dissolution, initiation and propagation of corrosion. 

 XPS was used for determining composition and the thickness of the oxide layer. 
 CPT showed at which temperature corrosion pits occurred for different shielding 

gasses and post weld cleaning methods. 

The study showed a correlation between electrochemical activity, mapped with SVET, and 
the XPS results. For welded materials the XPS results are visualised in the form of a graph, 
which shows how the concentration of different oxides [at%] varies with the sputter depth 
[nm] in a specific point from the fusion line. The study concluded that the XPS showed a two-
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layer structure with an outer iron rich oxide (200 nm) and inner Fe-Cr-Mn oxide layer (2 µm). 
The SVET results displayed continued activity in the heat tint after mechanical cleaning but a 
completely passive surface after brushing followed by chemical pickling. The SVET results 
were conclusive, with the increased CPT (ASTM G48) seen between mechanical cleaning and 
pickling [19]. 

 

2.4.2 High temperature isothermal oxides  
 

Depending on the type of stainless steel, the alloying elements and the heat treatment one can 
expect a difference in the obtained oxide layer and impact on material properties. Studies on 
high temperature oxides, under conditions comparable to welding, have been used to 
investigate the formation of oxides on ferritic and austenitic stainless steel [18]. It was found 
that the oxide on ferritic stainless steel was enriched with chromium, manganese and silicon. 
When formed at temperatures between 500-700 °C the oxide consisted of two layers; inner 
chromium rich and outer iron rich. With increased temperature the oxide became more 
chromium enriched. The high nickel content in austenitic stainless steel caused extension of 
the stable cubic iron rich oxides towards higher temperatures, however at even higher 
temperatures the chromium rich oxides stabilised [18].  

 

An investigation on thermal oxides, obtained after annealing in air at 1100 °C, showed 
different results depending on the heat treatment times [20]. The results after annealing Fe-Cr-
Ni-alloys for 30 seconds and an hour respectively, showed that the shorter annealing time 
produced chromium rich oxides on the surface with a chromium depleted zone underneath 
and the longer annealing time generated a thick scale of iron rich oxides on the surface. In 
addition, the shorter annealing time oxide layer also exhibited a minor enrichment of silicon 
and magnesium. The visible chromium depleted zone of the short time specimens was 
determined to be relatively small, extending 0.5 µm into the metal. The long annealing time 
resulted in intermediate Fe-Ni oxide and an innermost layer enriched in chromium and 
silicon. The inner zone showed a clear depletion of iron and had the lowest amount of oxygen 
of the three layers. [20]. 

 

2.4.3 Weld oxides  
      

High temperature isothermal oxides and weld oxides are however not identical. During 
welding the oxide layer composition differs from the base material because of the rapid 
formation via diffusion. The fast development of oxides causes a nonequilibrium composition 
[18]. The corrosion resistance of welded stainless steel is therefore highly dependent on the 
microstructural stability of the HAZ, as well as the filler material used [21].  

 

Depending on the material and welding parameters, given the presence of oxygen, one can 
expect a difference in the composition of the oxide layer [22]. There are multiple varieties of 
weld oxides, both with and without selective partitioning. The oxide layer may contain 
metallic elements in the same proportion as in the base material, or partition into iron rich 
oxides with underlying chromium rich oxides [23]. Iron rich oxides generally form in the 
lower heat input range, while chromium rich oxides are found in higher heat input welds. The 
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tendency is explained by the lower rate of diffusion for chromium in lower temperature 
ranges, and the higher affinity to oxygen for chromium compared to iron in higher 
temperatures [22]. The iron rich oxide is the most pronounced closest to the surface adjacent 
to the fusion line. Chromium enriched oxides have been found more prevalent in single 
ferritic steels due to the more rapid chromium diffusion in ferrite compared to austenite [23]. 
It has been pointed out that chromium diffusion rate increases at higher temperatures, 
producing a maximum of chromium rich oxides above 900 °C. A further increase in 
temperature results in a decrease in chromium oxides, which is believed to be caused by 
evaporation of CrO3 [24].  

 

2.4.4 The influence of weld oxides on corrosion resistance  
 

The damage mechanism, associated with weld oxides, is caused by a thickening of the 
chromium rich oxide passive layer on the surface. The thicker layer has a more scale-like 
configuration compared to the original film and can cause chromium depletion in the 
underlying material during formation [21]. A misconception is that the decreased resistance 
towards local corrosion attack for welded stainless steel is always due to a depletion of the 
chromium level in the underlying material [22]. It is true that the corrosion resistance of a 
stainless steel, with a chromium rich surface oxide, may be reduced as a result of the 
decreased chromium content in the material [25]. However, studies have shown a reduction in 
corrosion resistance without a noticeable chromium depleted zone [18]. An examination 
showed that welding at a relatively low temperature resulted in an oxide film primarily 
consisting of iron oxides with an intact chromium enriched zone underneath [18]. In 
accordance to previous studies the higher amount of iron rich oxides was explained by the 
relative rate of diffusion between chromium and iron in lower temperatures. It was concluded 
that the weld oxides resulted in a surface that was increasingly prone to localised corrosion 
attacks, for example pitting, compared to the parent metal. Corrosion attack, that took place 
even though a chromium rich zone under the oxide layer was present, was considered to be 
due to the iron rich oxides. The attack normally targeted material a couple millimetres from 
the fusion line, where the fraction between Cr and Cr+Fe was the lowest [18]. The location 
indicated that the material rich in iron oxide was the main target, while material rich in 
chromium oxide was more resilient to pitting corrosion. The suggested reason was that iron 
rich oxides functioned as a membrane, that through absorption inhibited diffusion which lead 
to an accumulation of chloride ions. The local increased chloride content changed the pH-
balance and induced pitting corrosion [24]. Another study backed up the results by concluding 
that the double layer structure, with an outer layer of iron rich oxides and inner layer of iron-
chromium oxides, was the most harmful because of the poor pitting resistance. The 
explanation provided was that, even though the high temperature chromium rich layer 
functioned as a passive film, corrosion was initiated due to crevices between the steel and 
oxide layer [18]. 

 

However, in contrast to the previous examination which observed iron enrichment in the 
oxide layer in the low temperature range, another study [23] on TIG welded pipes in 304L 
stainless steel found the phenomenon in the high temperature range. It was shown that oxides 
rich in iron were occurring in the high temperature areas of the weld. Consequently, more 
chromium enriched oxides were noticeable when welding with the lowest heat input, with a 
peak temperature of approximately 500 °C. In the cases with high heat input it was shown that 
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the iron rich oxides were the most noticeable when backing gas was utilised and in the top 
surface of the oxide layer. Furthermore, the iron enrichment in the oxide showed no 
correlation to chromium depletion in the base material. Contrary to the previous statement 
that chromium diffusion reached it maximum at 900 °C, allowing the maximum formation of 
chromium enriched oxides, this investigation showed iron enrichment in the oxides when the 
peak temperature reached approximately 900-1000 °C. It was however noticed that welding 
without backing gas resulted in a chromium rich oxide in the higher temperature range, 
opposed to the iron rich oxide formed without backing gas. In the case of welding without 
backing gas, the oxide layer was distinctively thicker. The most noticeable oxide chromium 
enrichment, for welds without backing gas, was shown for the highest heat input welds. In 
similarity to the tests welded with backing gas, the specimens welded in air did not show a 
distinct chromium depleted zone underneath the oxide layer. An examination of the 
composition across the welds did, however, reveal local areas between the heat tint band 
interference colours which showed apparent chromium depletion in both the oxide and most 
likely the underlying base material. Pitting corrosion was in similarity to the previous 
investigations, found to be most predominant in the iron rich central oxides and the local areas 
depleted of chromium in the transition between the interference colours in the heat tint bands, 
which in this case occurred most noticeably in the medium to high heat input welds. Pitting 
was initiated a few millimetres from the fusion line, due to a complete dissolution of weld 
oxides in the high temperature heat affected zone (HAZ), in both the ferritic and austenitic 
specimens [23]. 

 

2.4.5 Weld oxide characterisation and influence on CPT  
 

It has been indicated previously that oxides formed on austenitic, ferritic and duplex stainless 
steels show distinct differences, however they do not show much variation between different 
grades [26]. The tendency found for austenitic steel grades was an oxide layer predominantly 
consisting of a single iron oxide, while the ferritic grades mainly exhibited a single chromium 
oxide. Ferritic and duplex grades tend to display a thicker oxide layer compared to the 
austenitic steels post weld, due to the generally low diffusion of alloying elements in the FCC 
matrix and the faster diffusion of elements in the BCC matrix [26]. CPT testing, on samples in 
the as-welded state, generally results in pits located in the weld metal and/or in the heat tinted 
zone [27]. A correlation between pit location and the aggressiveness of the testing 
environment has been noticed. An increase in temperature tends to produce more pits in the 
heat tinted area, while a decrease in temperature results in more pits in the weld metal or 
fusion line, possible due to a dissolution of the weld oxides. Generally, CPT results indicate 
areas contaminated by weld oxides as the weakest point with regards to pitting corrosion, 
followed by the weld metal and lastly the base material as the area with the greatest 
resistance. However, sometimes the surface of interest has greater pitting corrosion resistance 
compared to for example the ground edges resulting in crevice corrosion before surface 
pitting, which influences the CPT results obtained [27]. An European project, Joinox, has 
researched the corrosion resistance of a range of stainless steels and is therefore used for 
reference when examining oxides and CPT [2].    
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2.4.5.1 Austenitic stainless steel: 316L 

 

The oxide scale on austenitic stainless steels tends to primary consist of iron oxides, with 
magnetite (Fe3O4) as the predominant phase and Fe3+ towards the surface [26]. Generally, no 
significant chromium depletion is located below the oxide scale [28].   
 

The XPS sputter profile, for GTAW of 316L austenitic stainless steel with Ar shielding and 
root gas at 0.8 mm from fusion line, shows no distinct chromium oxide layer (Figure 2). The 
scales are predominantly consisting of iron oxides with a varying level of intermixed 
chromium oxide content [26].  

 
Figure 2:  XPS sputter profile 0.8 mm from the fusion 1ine on 316L austenitic stainless steel [26].. 

 

A slightly modified version of G48-E gave CPT of 5 ºC for both the weld metal and the heat 
tined zone when testing 316L in the as-welded state [27]. The base material in delivery 
condition unwelded, obtained CPT of 20 ºC [29].     
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2.4.5.2 Ferritic stainless steel: 444 

 

Results from the XPS sputter profile, for GTAW 444 ferritic stainless steel, show a nearly 
pure chromium oxide scale with a minor outer layer containing chromium and a slight amount 
iron oxide. A small enrichment in silica is found below the chromium oxide scales at 1.4 mm 
from the fusion line (Figure 3) [26].        

 

 
Figure 3. XPS sputter profile 1.4 mm from fusion line on 444 ferritic stainless steel [26]..  

 

CPT testing, G48-E, in the as-welded state for 444 resulted in pitting attacks in the weld metal 
at 5 ºC and the heat tinted area, as well as the weld at 10 ºC [27]. Ferritic 444 stainless steel 
has a typical CPT of 10 ºC in its delivery condition [29]. 

 

2.4.5.3 Duplex stainless steel: 2507 and 2205 

 

The duplex steels demonstrate the combined features of austenitic and ferritic grades, with an 
outer layer of iron oxide and an inner layer of chromium rich oxide [26]. Thermodynamic 
calculations have shown that the sequence for oxide formation in a duplex steel as; Fe2O3, 
Fe3O4 with chromium content, chromium rich oxides mixed with Fe3O4 and Cr2O3. In 
addition, one can expect internal chromium oxides focused mainly in the grain boundaries. In 
similarity to the austenitic steels no prominent chromium depletion below the oxide is 
generally noticeable for duplex [28].  
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GTAW, with Ar shielding gas, of 2507 duplex stainless steel results in a distinct outer scale of 
mainly iron oxide, with an inner layer of chromium oxide intermixed with iron oxide [26]. At 
0.9 mm from the fusion line a noticeable 500 nm outer layer of iron oxide incorporating 
manganese oxide, followed by an inner chromium-iron mixed oxide layer, is apparent in the 
XPS sputter profile (Figure 4). The results show that the two layers stretch over a depth of 
more than 2 µm and are depleted of other alloying elements like molybdenum and nickel [26].     

 
Figure 4: XPS sputter profile 0.9 mm from the fusion 2ine on 2507 duplex stainless steel [26].. 

 

G48-E tests indicated the same CPT, 50 ºC, for the weld metal and the heat tined zone for 
GTAW 2507, with Ar shielding gas and filler material, 2507/2509, in the as-welded state 
[27]. Delivery condition 2507 typically range between 70-75 ºC for CPT [29].  

 

The XPS sputter profile for GTAW, with Ar shielding gas, of 2205 duplex stainless steel 
indicates a slight difference in oxide composition compared to 2507 (Figure 5). Noticeable at 
0.2 mm from the fusion line is a mixed outer scale of manganese and iron oxide together with 
an inner scale of chromium oxide instilled with iron and manganese oxide [26] 
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Figure 5: XPS sputter profile 0.2 mm from the fusion 3ine on 2205 duplex stainless steel [26].. 

 

CPT tests resulted in pitting in the weld material at 35 ºC, while no attack was noticed in the 
heat tinted area for the as-welded samples [27]. The typical CPT value for delivery condition 
2205 is normally between 45-55 ºC [29]. 

 

The relatively high manganese levels found in the outer iron oxide layer for the duplex, under 
some welding conditions, cannot be observed for all processes. The difference depending on 
weld conditions suggests that the manganese content in the outer layer depends on the 
diffusion rate, rather than deposition due to evaporation of manganese [28].   
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2.5 Influence of welding parameters on corrosion resistance  
 

The welding environment, process and parameter selection highly influence the steel 
properties and the corrosion resistance of the jointed material. The main challenges when 
welding stainless steel are to provide a weld that match the mechanical and corrosion 
properties of the base material while meeting requirements for productivity [11].   

 

2.5.1 Parameter and weld process influence on weld oxides 
 

The severity of weld oxidation and subsequent reduction in corrosion resistance can be 
modified through consideration of parameters and processes [30]. The likelihood of pitting 
corrosion is linked to the oxide composition, structure, homogeneity, thickness and chromium 
distribution in the layer. The character of the weld oxide layer primarily depends on the 
composition of the base material, peak temperature and oxygen content in the shielding gas 
[18].   

 

Studies have highlighted the relationship between heat input and CPT, however the results 
and conclusions differ between tests. An examination of the colour of the heat tint and 
thickness of the oxide layer on a 6.4 mm S31726 steel tested with regards to pitting corrosion, 
ASTM G48, found that the number of pits and their maximal depth on the tinted surface 
increased with the welding current [A] and the energy heat input [kJ/mm], suggesting a 
correlation between heat input from the welding process and pitting corrosion resistance [31]. 
Furthermore, it has been found that a higher heat input during welding results in a thicker 
oxide scale on 316 GTAW austenitic stainless steel [26]. The oxide thickness did, however, 
not show any correlation to oxide dissolution rate [27]. The highest rate was observed for the 
medium heat input, while both lower and higher heat input resulted in a lower oxide 
dissolution rate. In accordance with the different results for oxide dissolution rate, the 
medium heat input specimens had the lowest CPT compared to tests with lower and higher 
heat input. The results indicated a link between heat input and resistance towards pitting but 
provided no clear heat input suggestion for minimising pitting corrosion, as improvements 
where noticed for both the lower and higher heat input cases [27].       

 

Depending on the weld process used one can expect a difference in the thickness and 
composition of the oxide scale [26]. FCAW tends to produce a thicker oxide layer compared 
to GMAW and GTAW. Furthermore, the oxide layer structure varies between the methods. 
Duplex 2507 stainless steel exhibit a single layer oxide structure consisting of iron oxide 
intermixed with chromium and manganese oxides after FCAW and GMAW, while a two-
layer structure with an outer iron rich oxide is distinguishable for GTAW. A similar tendency 
for duplex 2205 has been noticed, as it displays a single oxide structure of iron intermixed 
with chromium and manganese after FCAW. However, both GMAW and GTAW produced 
an apparent two-layer structure with iron oxides intermixed with manganese oxides as the 
outermost layer and an inner structure of chromium oxides containing a significant amount of 
iron oxides [26].     
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2.5.2 Parameter and weld process influence on structure 
 

Weld parameter and process selection influence not only the weld oxide formation but may 
also alter the corrosion resistance because of microstructural changes. The link between heat 
input and pitting corrosion can be seen in an investigation on the connection between the 
number of welding passes and CPT. Lean duplex stainless steel alloyed with manganese and 
nitrogen, instead of nickel, resulted in manganese- and nitrogen-rich oxide layers after 
welding [18]. A more extensive deterioration was found in the microstructure for low alloy 
duplex stainless steel, DSS 2304, welded single-pass compared to triple-pass. The reason was 
that ferrite content and the precipitation of chromium nitrides decreased with the number of 
passes and a structure with more austenite was obtained. Triple-pass welded specimens had a 
higher CPT, however not as high as the base material [32].  

 

The tendency of lowered resistance against pitting with higher heat input can also be seen in 
laser welding super austenitic stainless steel [33]. Increasing the travel speed of the laser and 
lowering the power decreased the heat input. The dendrite austenitic structure showed a 
higher degree of molybdenum depletion due to micro-segregation in the dendrite arms with 
increased heat input. The CPT for higher heat input welding was lower than at lower heat 
input, due to the molybdenum depleted areas low resistance against pitting corrosion [33]. 
Another investigation on the pitting corrosion resistance of welded austenitic 304SS found a 
clear link between heat input and consequent cooling rate. It was suggested that a higher heat 
input and lower cooling rate cause segregation of alloying elements, which in turn induced 
formation of chromium depleted zones and decreased resistance towards pitting corrosion 
[34]. 
  
An investigation aimed at examining the pitting corrosion of duplex stainless steel, DSS 2205, 
with regards to nitrogen content and cooling rate, noticed a correlation between the ratio of 
austenite and ferrite phase, in the HAZ or fusion line, and the precipitation of Cr2N [35]. The 
ferrite content may deviate from the recommended ratio, between ferrite and austenite, as a 
result of high temperature fabrication processes. An example is welding which may result in 
an increased ferrite content with a coarser grain structure and the formation of nitride 
precipitates. The investigation concludes that pitting corrosion does not tend to target areas 
without Cr2N. The precipitation of Cr2N in the ferrite phase was enhanced by lower nitrogen 
content and increased cooling rate between the temperatures 800-500 °C. In addition, 
simulations showed that the amount of Cr2N decreased with increased austenitic phase [35].      

 

Furthermore, the general quality of the welding process influences the corrosion resistance of 
the joint [31]. An investigative report discussed the impact of contaminations and 
discontinuities on pitting resistance of stainless steels. All defects studied had in common that 
they weakened the passive layer and thereby decrease the corrosion resistance of stainless 
steels. It concluded by pointing out the importance of careful consideration of welding 
parameters, e.g. shielding gas and heat input, and emphasised the performance of post weld 
cleaning. It was stated that the combined impact of welding defects caused by improper 
parameters or low performance quality and poor post weld cleaning could significantly impair 
the corrosion protection [31]. 
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2.5.3 Influence of shielding gases 
 

Welding stainless steels or nickel based alloys require an inert environment protecting the 
molten material from oxidation and reduction of corrosion resistance. The selection of an 
appropriate shielding gas composition is directly related to the post weld properties. The 
suitability of a shielding gas is linked to the welding process, the filler material, base material 
and welding parameters [22]. 

 

GMAW of both austenitic and duplex stainless steels commonly utilises predominantly argon 
(Ar) in the shielding gas. Ar is a noble gas which is completely inert, as well as having a 
relatively low ionisation potential and high density, enabling a stable gas flow around the arc 
and molten metal [36]. It has been shown to be beneficial to add inert gas for shielding the 
root of the joint from oxidation, as it results in a thinner weld oxide layer [37]. When welding 
tubular geometries, the use of appropriate root gas is especially important because of the 
difficulty of performing post weld cleaning inside the tube. The root gas must provide 
sufficient protection avoiding a susceptibility to pitting corrosion on the root side of the joint 
[18]. 

    

Another example of an inert gas that can be added to the shielding gas is helium (He), which 
has higher ionisation potential and thermal conductivity compared to Ar. The higher thermal 
conductivity makes He suitable for welding thicker materials or materials that tend to conduct 
heat more easily.  

 

For austenitic stainless steels or high nickel content materials addition of a small percentage, 
approximately 2 %, of hydrogen, H2, to Ar exhibit the same properties of increased 
penetration as including approximately 30% He in an Ar shielding gas [36]. It allows 
increased travel speed while maintaining heat input [2]. An addition of hydrogen works as a 
reductant, removing oxides on the surface of the metal, which makes it a beneficial candidate 
as a root protection gas. Hydrogen should however be avoided for all other stainless steels, 
except austenitic, because of the increased risk for hydrogen cracking. There is a particular 
risk for hydrogen cracks in rapidly cooled steels containing martensite in combination with 
hydrogen and stress. Furthermore, it should be noted that hydrogen may form pores in the 
weld if the gas does not have sufficient time to evaporate and instead is capsuled inside the 
solidified weld [36]. 

 

Commonly a small amount of an active gas, CO2 or O2, is mixed into the shielding gas to 
assist lighting and stabilising the arc. CO2 provides the ability to penetrate surface treatments 
or surface contaminations, as well as making the penetration profile of the weld rounder 
compared to using a higher content Ar shielding gas. The oxidation properties of CO2 can 
often be compensated for by using higher alloy filling material in the MIG wire or 
deoxidation flux [36]. The weld oxide layer increases in width with increased amount of CO2 

in the shielding gas [2].    

 

GTAW welding however needs a completely inert shielding gas with 100% Ar, He or a mix 
between the two depending on the heat input required. An example of the microstructure of 
the duplex stainless steels 2205 and 2507, in different magnifications can be seen in (Figure 
6-7) [38]. The dark area is the ferrite matrix with lighter austenite embedded within, the ferrite 
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fraction in the weld is larger compared to the un-affected base material. Ferrite forms first 
during solidification and austenite secondly. It is therefore common for duplex welds, welded 
with Ar, to contain a majority ferrite due to the rapid cooling rate in the weld.   

 

 
Figure 6. GTAW 2205 with pure Ar shielding gas [38] 

 

 
Figure 7. GTAW 2507 with pure Ar shielding gas [38] 

 

It can be beneficial to add some nitrogen, N2, to the shielding gas when GTAW welding 
duplex stainless steels, since it facilitates austenitic growth. The nitrogen content of the 
shielding gas counteracts nitrogen loss in the molten material during and after welding before 
solidification. When welding duplex stainless steel the ferrite forms first and austenite 
secondly, the loss in nitrogen can inhibit the growth of austenite and disturb the balance 
between the two in the steel [36]. The HAZ of duplex stainless steels tends to be more prone 
to pitting corrosion compared to the weld material, as it is possible to balance the ferrite and 
austenite ratio in the weld with high alloy filler material and nitrogen additions in the 
shielding gas. A study on 2304 duplex stainless steel has shown that the oxides tend to be 
more manganese rich compared to the more chromium rich oxides of welded austenitic steels 
[32]. Another project further indicated that cause of manganese enrichment may be due to 
nitrogen additions in the shielding gas which facilitates manganese deposition from the weld 
metal. The nitrogen loss during GMAW welding duplex steels can often be compensated by 
alloying the filler material with a higher content of nitrogen [37]. Nitrogen containing 
shielding gas is, however, not beneficial when welding high alloy austenitic stainless steel. 
The nitrogen additions can lower the corrosion resistance due to pore formations in the weld 
material [39]. 
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2.6 Post-weld cleaning methods 
 

There are several cleaning methods suitable for stainless steels after fabrication and welding 
which are aimed at ensuring or maintaining a sufficient corrosion resistance. The traditional 
approaches for removing weld oxide layers include mechanical techniques, for example 
grinding or abrading, and chemical pickling either with brush-on pastes, sprays or through 
immersion [2]. Mechanical cleaning methods alone often provide insufficient corrosion 
resistance, because of the inadequate removal of weld oxides. The surface after mechanical 
cleaning often visually appears clean and shiny, but the weld oxide layers and chromium 
depleted zone are often still present [37]. Chemical pickling removes the damaged parts of the 
stainless steel, including the weld oxide layer and the chromium depleted layer underneath 
[40]. One of the drawbacks associated with chemical pickling of high alloy stainless steels, 
that have experienced chromium depletion, is the risk for major material loss. The chromium 
depleted zone must be removed which increases the risk of an overly extensive pickling, 
which removes more of the material than needed [20]. The chemical pickling technique relies 
on dissolution of the surface by pickling acids, for example nitric (HNO3) and hydrofluoric 
(HF) solutions [40]. Due to the highly corrosive nature of the pickling chemicals the contact 
time with the metal must be calculated for the specific steel after which the solutions must be 
fully removed, otherwise it will result in unnecessary material loss or function as an enabler 
for corrosion. Pickling of large units requires immersion or spraying in dedicated equipment 
and must be performed by the fabricator or pickling specialist in order to ensure safe 
handling. Post-weld pickling, which commonly utilises pickling paste or gel for treating the 
area with weld oxides, can be performed at a work station. However, it should be highlighted 
that the process should be treated with care due to the health, safety and environmental 
hazards associated with the chemicals. The risks complicate post-weld cleaning by chemical 
pickling for on-site projects like for example repair work [1]. 

 

A combination of cleaning methods and passivation may be favourable to ensure adequate 
corrosion resistance. After pickling it is sometimes recommended to facilitate a passivation of 
the material, enabling a re-generation of the inert chromium rich oxide layer on the surface. 
The passive film forms with the aid of acidic pastes or solutions which oxidises the surface. In 
contrast to pickling, passivation does not result in dissolution of the surface. A suggested 
method of approach to ensure corrosion resistance of a stainless steel after welding is to 
degrease and clean the surface, pickle and lastly passivate the metal [1]. For example, an 
investigation on welded SAF 2507 stainless steel, with chromium enriched weld oxides, 
concluded that chemical paste pickling alone was insufficient for removal of the weld oxide 
layer. A significant increase in CPT could be seen when pickling was combined with 
mechanical cleaning, as the mechanical process ensured removal of the remaining weld 
oxides on the joint. The iron rich oxides formed on 254 SMO during welding, in the same 
conditions as the SAF 2507, were however sufficiently removed by chemical paste pickling 
alone [41]. 
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2.6.1 CPT for mechanically cleaned and pickled welds 
 

Previous work has compared mechanical processes and chemical pickling methods for 
cleaning stainless steel welds [29]. The mechanical processes of interest were brushing and a 
combination of brushing and polishing. Chemical pickling was performed with paste or by 
immersion in a bath after the specimen had been brushed. Conclusions were obtained by a 
combination of CPT, G48-E, and SVET results. The CPT values were shown to correlate to 
the activity shown in SVET. The general SVET results, on samples with visual heat tint 
remaining, indicated active areas in the weld metal and often in areas with dissolved oxides. 
When subjected to the CPT testing environment, attack in the weld tended to be larger and 
more spread out, compared to the smaller and more numerous pits in the heat tinted area.      
Localised pitting attack in the weld metal, as well as in the heat tinted area were prominent for 
the mechanically cleaned welds, which in some cases showed no increase in CPT when 
compared to their as-welded state. It was concluded that the generally poor resistance towards 
pitting for the mechanically cleaned joints was due to the inability to fully remove the weld 
oxide or pollutions being transferred to the material from the cleaning process. In contrast, 
some of the pickled welds obtained the same CPT as the base material in its delivery 
condition. SVET results for pickled welds showed a tendency towards making the specimens 
inactive, indicating the ability to fully restore pitting corrosion resistance after welding [29]. 

 

For GTAW duplex 2507 stainless steel CPT was increased both by mechanical and pickling 
methods of cleaning compared to the as-welded specimen, however no method managed to 
fully restore the resistance of the weld to the higher range of the expected CPT values shown 
in its delivery condition. Brushing and brushing in combination with polishing increased the 
CPT to 55 ºC, in both the weld and the heat tinted zone, from the as-welded CPT of 50 ºC. 
Both brushing followed by pickling paste or pickling bath resulted in a significantly increased 
CPT from 50 ºC to 70 ºC, which is in the lower range of the typical CPT values normally 
expected from the base material [29]. 

 

The lower alloyed duplex 2205, with an expected CPT of 45-55 ºC for delivery condition base 
material, exhibited increased CPT for all examined post weld cleaning methods. The 
mechanical methods, brushing and brushing followed by polishing, and brushing in 
combination with pickling paste increased the CPT to 40 ºC, compared to tests performed 
after GTAW which resulted in a CPT of 35 ºC. Brushing followed by immersion into a 
pickling bath lead to a CPT of 45 ºC [29].          
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2.6.2 Electrolytic cleaning 
 

Conventional electrolytical cleaning, or electrolytic pickling, is a method where a workpiece 
is lowered into a solution and a DC current is applied between the to-be cleaned workpiece 
and an insoluble electrode, sometimes used in steel production lines [42]. The method can be 
used as an alternative or as a treatment prior to conventional pickling, however there is a lack 
of studies investigating electrolytic cleaning for removing weld oxides. As a pre-pickling 
method, for steel production lines, it reduces the drawbacks from chemical pickling and 
speeds up the cleaning process [31, 4]. The result is a process that is less environmentally 
harmful compared to exclusively pickling. The cleaning enables removal of contaminations 
such as oil, corrosion and scales [3]. Depending on whether the workpiece is anode or 
cathode, different results will be obtained. In the production of stainless steels there is usually 
a reversal of polarity, so the workpiece is both cathodically and anodically polarised.  

  

 Anodic electrolytic cleaning: The method is applied by making the workpiece the 
anode and works best on ferrous materials. Gas bubbles consisting of oxygen are 
produced between the contaminant and the workpiece, which together with minor 
material dissolution, enable removal of the impurities. This method is accomplished 
by lowering the workpiece into a basic solution.    

 Cathodic electrolytic cleaning: The method is similar to the anodic method, the 
difference being the workpiece acting as a cathode instead and using an acidic 
solution. Instead of oxygen bubbles on the workpiece, gas bubbles consisting of 
hydrogen are formed [42].      

 

An investigation on electrolytical cleaning in steel production lines found that a large portion 
of the current used is lost partly due to poor distribution in the tank and because of the 
formation of hydrogen and oxygen gas. In some applications the effectiveness can be as low 
as 30%, which is concluded as a major drawback for electrolytic cleaning [3]. Despite the low 
efficiency, a study showed that for welded joints electrolytical cleaning with phosphoric acid  
managed to successfully remove the heat tint, with less abrasion to the surface compared to 
chemical pickling or mechanical processes [31]. In addition, the investigation found that the 
electrochemically pickled specimens had a higher corrosion resistance compared to the 
mechanically and chemically pickled joints [31].  However, an investigation on thermal oxide 
removal for steel production lines on hot-rolled high alloy 654 SMO steel indicated that 
electrochemical pickling may be insufficient if not paired with chemical pickling. The 40% 
H2SO4 + 7.2% HCl electrochemical pickling solution successfully removed the outer 
chromium rich oxide scale, however it was unable to fully eliminate the chromium depleted 
zone [20].  
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2.6.3 Laser ablation 
 

Laser ablation is another form of cleaning, which in similarity to pickling, can be used for 
removal of weld oxide. The main advantages of laser ablation are the possibility for localised 
treatment and that it is a dry process since the removal mechanism is mechanical [6]. Studies 
show that laser cleaning can be used to effectively eliminate oxide films originated from heat 
treatments such as welding or annealing. Experiments using Nd:YAG laser have shown 
successful oxide layer removal, which facilitate re-generation of the passivated layer [6, 5]. 
However, there were some uncertainties whether the underlying metal was affected during the 
trial. An investigation, using wavelength = 1064 nm, pulse = 10 ns, on three different ferritic 
steels, after high temperature oxidation, showed that a complete elimination of the oxide film 
was accomplished and that that the underlying metal surface remained intact since no ablation 
of the material was observed [5]. Another study, wavelength = 1064 nm, pulse = 5.20 ns, on a 
316L weld showed that wave patterns could be observed on the surface after the experiment, 
and that oxides may have remained on the surface. The non-conclusive results for the metal 
surface post-treatment may be due to the different parameters used during the experiments, 
the material examined, or different oxide films originated from different processes [6] 
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3 Methodology 
 

The project aim was to investigate the removal of weld oxides with laser ablation and two 
variants of electrolytic cleaning in comparison to conventional pickling. The materials, 
cleaning methods, method of corrosion testing and analysis method for the weld oxide were 
determined together with the companies involved in the project. 

      

3.1 Investigated stainless steels 
 

The materials investigated included three duplex stainless steels, which have a range of 
corrosion resistances, from the lean LDX 2101 to the superduplex SDX 2507.  In addition, 
two highly alloyed austenitic grades were investigated: the super austenitic stainless steel 254 
SMO and the nickel based Alloy 625. A lower content of alloying elements tends to result in a 
greater drop in post weld corrosion resistance and makes it harder to evaluate compared to 
higher alloy stainless steel grades, suggesting high alloy content base material has enough 
corrosion resistance potential to withstand damage [37]. Consequently, more research has 
been reported regarding low alloy stainless steel corrosion properties and post weld cleaning 
techniques [18]. A comparison between the chemical composition for the different base 
materials can be found in Table 1. 

 

Table 1. Base material chemical composition 

 

 

 
 

 

Material Type 
Chemical composition [%] CPT according 

to Outokumpu 
handbook [°C] C N Cr Ni Mo Mn 

LDX 2101 

(1.4162) 
Duplex 0.03 0.22 21 1.5 0.3 5 15 

DX 2205 

(1.4462) 
Duplex 0.02 0.17 22 5.7 3.1 - 40 

SDX 2507 

(1.4410) 
Duplex 0.02 0.27 25 7.0 4.0 - 65 

254 SMO 

(1.4547) 
Austenitic 0.01 0.20 20 18 6.1 - 65 

Alloy 625 

(2.4856) 
Ni-based 0.02 <0.10 20–23 >58 8–10 - >85 



 Swerim AB 
101221 

23 

3.2 Welding procedure 
 

Welding was performed as a bead-on-plate weld with a mechanised GTAW (141) in the PA-
position. Although no melt was achieved on the root side, a root gas was used to further 
protect the area from oxidation. Parameters used are presented in Table 2. Additional 
information regarding welding parameters can be found in the weld datasheets (pWPS) 
attached in the Appendix A.  

 

Table 2. Weld parameters 

Material Filler material 
Wire diameter 

[mm] 
Shielding/root 

gas 
Gas flow 
[l/min] 

Heat input 
[kJ/mm] 

LDX 2101 Avesta 2304 1.0 Argon 12–15 0.47-0.55 

DX 2205 Avesta 2205 1.0 Argon 12–15 0.47-0.55 

SDX 2507 Avesta 2507/P100 1.2 Argon 12–15 0.47-0.55 

254 SMO Avesta P16 1.2 Argon 12–15 0.47-0.55 

Alloy 625 Avesta P16 1.2 Argon 12–15 0.47-0.55 

 

3.3 Cleaning methods 
 

Chemical pickling was performed using a paste and application brush, rather than through 
immersion into a pickling bath. The methods investigated for electrolytic cleaning used a 
conductive cleaning brush or pad to remove contaminations with the help of an electrolytic 
fluid that is spread on the workpiece. An electrical current, either AC or DC, is applied and 
manipulated to decrease or increase the intensity of the cleaning. The two types of 
electrolytical cleaning equipment were provided by Cougartron and Fronius and are referred 
to accordingly [43, 44]. The laser ablation equipment was a Nd:YAG and the focus point was 
held constant by placing the work piece on a linear motion track.     
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3.3.1 Pickling 
 

The samples were pickled with Avesta RedOne™ Pickling Paste 140. Due to the hazardous 
content the pickling was performed by certified personnel. Prior to applying the pickling 
paste, the bottle (in which the content was delivered) was shaken thoroughly. The paste was 
applied, on to the weld and heat tinted area, using a pickling brush. The total application time 
can be seen in Table 3 and was dependant on the material. After exposure the samples were 
immersed in water and the paste was scrubbed of using a stainless steel brush. The cleaning 
process was repeated a total of four times, while immersing the samples into a new water bath 
each time. The specimen was initially exposed for 3 h, cleaned and inspected visually. Lastly 
the metal sheets were rinsed with tap water.  The whole pickling process was repeated (with 1 
h exposure at a time) if heat tints still could be observed, until all indication of heat tints 
vanished or remained unchanged. The process require ventilation together with the following 
safety equipment; thick rubber gloves, rubber boots, full cover protective suit and visor. 

 

Table 3. Exposure time to Avesta RedOne 

Material Exposure time [h] 

LDX 2101 3 

DX 2205 5 

SDX 2507 5 

254 SMO 5 

Alloy 625 5 

 

3.3.2 Cougartron 
 

Cougartron ProPlus portable electrolytic cleaning and polishing equipment for stainless steel 
welds was used on the weld and HAZ for heat tint removal. The electrolyte, “CGT-350”, has 
a concentration of 20-30% phosphoric acid and was used for both for cleaning and polishing 
purposes. A carbon fibre bristle brush was dipped into the electrolyte and transferred to the 
metal surface with sweeping circular motions. Due to the relatively thick material the current 
was set to 45 A during cleaning and 40 A during polishing. The highest current capability for 
the equipment is 50 A. Cleaning with AC current was followed by polishing with DC current 
until no visual trace of the heat tint was noticeable. The surface was wiped, neutralised with 
alkaline neutralising agent and dried. Cleaning and polishing took approximately 5 min per 
plate and the entire process, including set-up time and neutralising, took approximately 7 min. 
The cleaning required fume ventilation, safety gloves, glasses and protective clothes.     
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3.3.3 Fronius 
 

Electrolytical cleaning with Fronius portable MagicCleaner from Axson, specially designed 
for highly alloyed steel, was used for heat tint removal on the weld and HAZ. Brushing, with 
a stainless steel brush, in combination with electrolytical cleaning was performed on the root 
side of all plates as to minimise contaminations and weld oxides. 

 

The electrolyte, “Red” with a concentration of between 50-75% phosphoric acid, was applied 
to the surface directly through the cleaning pad. The flow was set to approximately 0.55 l/h 
and could be automatically dispensed or manually applied by pressing a button on the 
cleaning handle. The manual option was used, and the flow of the electrolyte was comparably 
low compared to the automatic setting. The current was set to the maximum for the 
equipment, approximately 20 A, due to the great thickness of the steel plates. In the cleaning 
mode the equipment operated on AC current and in polishing mode on DC current. Cleaning 
and the subsequent polishing utilised the same electrolyte and was carried out by an operator, 
who gently swept the pad back and forth on the area of interest until no traces of heat tint 
could be visually noticed. The plates were sprayed with neutraliser and wiped with paper in 
order to remove any electrolyte residue. The cleaning and polishing took approximately 5 min 
per plate and the entire procedure took approximately 7 min per plate. Safety equipment 
included: fume ventilation, safety gloves, glasses and protective clothes. 
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3.3.4 Laser ablation 
 

Three different materials (LDX 2101, SDX 2507 and Alloy 625) were cleaned with laser 
ablation at Agaria. The laser, CleanLASER, was of the type Nd:YAG (wavelength = 1064 
nm) and was controlled by an experienced operator. A small rectangular shaped laser beam 
sized 150 by 150 µm was induced on the surface with a high frequency scanning motion. The 
laser head was fixated above the test piece and remained stationary during the cleaning 
process. Since scanning is performed solely in the x-direction, the test piece needed to be 
fixed onto a conveyer belt, which allowed for scanning in the y-direction as well. The ablated 
particles were removed through ventilation during the cleaning process, so as not to 
contaminate the cleaned surface. 

 

Small areas were initially cleaned on scrap pieces of each material in order to adjust the 
different parameters until a visually satisfactory surface finish was achieved. The operator 
was able to vary the laser pulse frequency, scan width, scan speed, intensity and laser overlap. 
In order to increase or decrease the intensity further, the focus point of the laser could be 
adjusted in the z-direction placing it either directly above or below the surface of the sample. 
After every test run it could be decided whether full removal of oxidation had been 
accomplished by visually inspecting the scanned area. Since the laser slows down during each 
turn back of the scanning process, the edges of the scan width were exposed to more laser 
pulses and thereby increasing the risk for additional heating. By covering the turning points 
with aluminium foil this could be avoided. With correct settings the entire length of the weld 
was scanned on the sample of interest. The final parameters used on the metal sheets are 
presented in Table 4.      

 

Table 4. Laser parameters. 

Material 
Pulse 

frequency 
[kHz] 

Scan width 

[mm] 

Scan 
frequency 

[kHz] 

Conveyer 
speed [mm/s] 

Focus point 
relative to 

surface [mm] 

LDX 2101 100 35 160 20 0 

SDX 2507 100 35 160 20 0 

Alloy 625 100 40 160 18 +1 
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3.4 Method of investigation 
 

The resistance against pitting for the different materials and cleaning methods was 
investigated by comparing the CPT with reference to the base material and the as-welded 
samples. Microstructural evaluation of the welded specimens gave indications of the quality 
and structure of the welds, enabling an understanding about the impact the microstructure 
could have had on the CPT. The duplex steels were further inspected with regards to the 
ferrite content, both through microstructural images and their ferrite numbers (FN). SVET 
analysis on one material for the as-welded sample and the cleaning methods provided 
information about the degree of passivation after cleaning.     

3.4.1 CPT testing by modified G48-E  
 

Critical Pitting Temperature (CPT) is the lowest temperature at which pitting corrosion 
occurs. The CPT values for this project were determined according to a slightly modified 
version of ASTM G48 method E. Tests were performed by immersion into a corrosive 
solution and studied at different temperatures depending on material. 

 

Test preparation included cutting metal sheets into approximately 20 by 70 mm pieces, which 
were ground with water on a grinding wheel in order to accomplish a P180 grit finish on all 
sides and round edges. Some samples required extra grinding due to a visible effect of heating 
that occurred during cutting. The specimens were then lowered into an ethanol filled 
container, which in turn was lowered into an ultrasonic water bath and left for approximately 
10 min. After the ultrasonic bath the samples were rinsed in ethanol, dried and left to dry for 
minimum of 24 h, as to assure passivation. Samples were photographed and weighed before 
testing.  

  

The ground, cleaned and dried specimens were immersed in a minimum of 150 ml solution 
consisting of 6% wt ferric chloride and 1% wt hydrochloric acid. Each test at a specific 
temperature was performed on two identical samples simultaneously, to ensure more accurate 
results. In order to prevent the samples from lying flat on the bottom, 250ml beakers were 
used. This allowed the specimen to lean against the inside wall of the container, thus 
minimising the contact area between specimen and beaker. The beakers were sealed with 
aluminium foil and lowered into a water bath, which controlled the constant temperature, and 
left there for 24 h. The tests were performed at a minimum of 5 °C and maximum of 85 °C. 
Special setup for tests above 85 °C was required as to minimise evaporation of the liquid. 
Higher temperature tests were performed using hot plates and water filled glass containers 
sealed with silica grease. 250 ml beakers were sealed with plastic film and aluminium foil 
held in place with electrical tape.    

 

After 24 h in the corrosive environment the specimen was rinsed with acetone and the surface 
was brushed using a nylon bristle brush. The samples were photographed and weighed for 
comparison. Pitting indications on the surface of interest were examined more closely in light 
microscope, with 50x and 100x magnification, to determine if pitting had occurred. Due to the 
rough surface from processing, noticing pits that were not visible to the naked eye was 
practically impossible with a light microscope. It was decided to primary inspect the samples 
visually without magnification. Conclusions were drawn mainly based on the visual 
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difference between the before and after photos, as well as the degree of mass loss. If no attack 
could be detected, the test was repeated with new samples and with a 5 °C increase in 
temperature.  

 

3.4.2 Microstructural evaluation 
 

One sample of each as-welded material, except Alloy 625, were cut, etched and inspected in 
light microscope in order to evaluate the post weld microstructure. The samples were cut 
across the weld and baked in conductive bakelite. Samples were ground mechanically to a 
P4000 grit surface and polished on a 2.5 µm polishing cloth. The duplex steels were etched in 
Beraha II until the surface changed colour. The austenitic 254 SMO was etched 
electrolytically with phosphoric acid, with an exposure time of 5-60 seconds and voltage of 5-
10V. 

 

The etched samples were rinsed with ethanol and inspected across the weld. Microstructural 
differences between weld, fusion line and base material were observed in light microscope at 
50x and 200x magnification. The approximate ratio between ferrite and austenite was noted 
from the microstructure of the duplex steels. The cleaned welds of one material, SDX 2507, 
were magnified and viewed from above noting any remaining heat tint or surface weld defects 
that might influence pitting resistance.  

 

The phase ratio of the duplex was further investigated with a Fisher Feritscope, which 
indicates the ferrite number of a duplex steel. The FN was measured three times for the base 
material, HAZ and weld respectively by allowing the probe to touch the area of interest. A 
mean FN value was calculated for each area and material. 

 

3.4.3 SVET 
 

Scanning Vibrating Electrode Technique, SVET, was used on an as-welded sample and cleaned 
specimens of the material SDX 2507. The aim was to investigate whether the surfaces close 
and adjacent to the weld showed any difference in passivation between the methods. The weld 
could not be analysed because of the requirement for flat testing surfaces.  

 

The testing environment was altered from the normal to more aggressive conditions due to the 
high corrosion resistance of SDX 2507. Samples were therefore anodically polarised, with 200 
mV or 700 mV by an external potentiostat, in 10 mM NaCl solution. The potential was 
compared to Ag/AgCl reference electrode (Table 5). 
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Table 5. Summary of SVET testing condition for SDX 2507 

Sample 
Test 

solution 

Applied 
potential 

(mV vs 
Ag/AgCl) 

Surface 
area 

(mm2) 

Step 
size 

(µm) 

Specimen 
orientation 

Measurement 
duration 

As-welded 

10 mM 
NaCl 

200 and 
700  

≈4.5 x 
1.5  

100  
Face side of 

specimen 
Up to 5h 

Pickled 

Cougartron 

Fronis 

Laser 

 

Measurements were focused on the HAZ and the test area was masked out with varnish, 
Lacomite, shielding any signal from the surrounding surface (Figure 8).   

  

 

 

Figure 8. Areas of analysis for SDX  2507 weld samples (left) and experimental setup during SVET 
measurement (right). 
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4 Results 
  

4.1 CPT results 
 

Generally, the investigation of CPT indicated a higher resistance against pitting corrosion for 
the un-welded samples (base material), compared to after welding (as-welded). A majority of 
the cleaned samples showed a CPT between the CPT of the base material and that of the as-
welded specimen. Pitting occurred both in the weld, fusion line, HAZ and in the base material 
(BM), depending on the cleaning method, material and temperature. More detailed 
experiment charts for each temperature and material can be found in the appendix (Appendix 
B-C).   

 

4.1.1 Lean duplex 2101 
 

Observations regarding the CPT for the base material, as-welded welds and after post-weld 
cleaning for LDX 2101 can be found in Table 6 below. 

 

Table 6. CPT-data for LDX 2101 

State CPT [°C] 
Weight difference [%] Pitting 100x 

Sample 1 Sample 2 Sample 1 Sample 2 

Base material 
(untreated) 

40 -1.0332 -1.2296 Yes Yes 

As-welded 

 
<5 -0.2357 -0.2420 Yes (fusion) Yes (fusion) 

Pickled 

 
<5 -0.0545 -0.1308 No Yes (fusion) 

Cougartron 

 
<5 -0.2892 -0.2579 Yes (fusion) Yes (fusion) 

Fronius 

 
<5 -0.4259 -0.4102 Yes (fusion) Yes (fusion) 

Laser 

 
<5 -0.2182 -0.2184 Yes (fusion) Yes (fusion) 
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Pitting was identified on the surface of interest at 40 °C for base material LDX 2101. The 
CPT was unusually high compared to the indicated handbook value of 15 °C. The samples 
experienced crevice corrosion in the contact area between beaker and sample in all tested 
temperatures (Figure 9). 

 

 
Figure 9. Crevice corrosion on edge of LDX 2101 

 

The as-welded and cleaned samples all indicated pitting corrosion on the surface of interest as 
low as 5 °C. The temperature was not lowered due to restrictions in G48-E, which does not 
cover tests below 5 °C. Pitting occurred in the fusion line between weld and base material for 
all samples above CPT, increasing in severity with increased temperature. The cleaning 
methods Cougartron and laser ablation resulted in a degree of pitting similar to the as-welded 
samples in 5 °C, while Fronius experienced a greater extent of pitting if compared to the other 
cleaning methods and the samples with the heat tint remaining. Pitting attack could also be 
seen on one of the chemically pickled samples at 5 °C, the attack was however less severe 
compared to the other cleaning methods and the as-welded samples. The trend could be seen 
throughout the tested temperatures. 
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4.1.2 Duplex 2205 
 

The CTP and observations for the different samples of DX 2205 are compiled in Table 7.  

 

Table 7. CPT-data for DX 2205 

State CPT [°C] 
Weight difference [%] Pitting 100x 

Sample 1 Sample 2 Sample 1 Sample 2 

Base material 
(untreated) 

40 -0.4819 -0.4910 Yes Yes 

As-welded 

 
30 -0.2246 -0.2179 No Yes (Weld) 

Pickled 

 
40 -0.7073 -0.6999 Yes (BM) Yes (BM) 

Cougartron 

 
40 -0.9714 -0.9300 

Yes (BM, 
HAZ, weld) 

Yes (BM, 
HAZ, weld) 

Fronius 

 
40 -0.6025 -0.6280 

Yes (BM, 
HAZ, weld) 

Yes (BM, 
HAZ, weld) 

 

Base material DX 2205 experienced pitting at 40 °C, which was the same CPT as listed for 
the material by Outokumpu handbook. One of the as-welded samples showed pitting in the 
weld material at 30 °C. The cleaning methods all managed to restore pitting resistance of the 
weld back to the original CPT. However, it should be mentioned that some of the cleaned 
samples exhibited pitting on the root side, even though they had been brushed with a stainless 
steel brush and the heat tint had been removed electrolytically (Figure 10). 

 

 
Figure 10. Example of root side pitting on DX 2205 

 

Due to the mass loss on the root side it can be hard to compare the cleaning methods based on 
weight before and after CPT testing. Visually the electrolytical methods showed similar 
results with pitting located in the base material, HAZ and weld. The pickled specimens only 
exhibited pitting in the base material at 40 °C.    
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4.1.3 Super duplex 2507 
 

A summary on the CPT testing for different samples of SDX 2507 can be found in Table 8. 

   

Table 8. CPT-data for SDX 2507 

State CPT [°C] 
Weight difference [%] Pitting 100x 

Sample 1 Sample 2 Sample 1 Sample 2 

Base material 
(untreated) 

75 -0.2234 -0.2291 Yes Yes 

As-welded 

 
55 -0.6295 -0.5318 Yes (weld) Yes (weld) 

Pickled 

 
55 -0.6308 -0.2398 

Yes (edge, 
weld) 

Yes (edge, 
weld) 

Cougartron 

 
60 -0.7129 -1.2744 Yes (weld) Yes (weld) 

Fronius 

 
60 -1.2909 -1.4460 Yes (weld) Yes (weld) 

Laser 

 
60 -1.4001 -1.0726 Yes (weld) Yes (weld) 

 

Tests indicated a significantly higher CPT of 75 °C for SDX 2507 base material, compared to 
the literature temperature of 65 °C. Pitting occurred in the weld material for all welded and 
cleaned specimens. The pits tended to be larger and less numerous for the electrolytically 
cleaned and laser ablated samples, compared to the smaller and more frequent pits in the 
pickled welds. Moreover, the welds tended to experience corrosion on the edges of the welds. 
In accordance with standard G48-E the edge corrosion was not interpreted as pitting. 

A large drop in CPT was observed for the as-welded samples, which showed pitting at 55 °C. 
In contrast to the electrolytical cleaning methods and laser ablation, the pickled specimens 
showed no increase in CPT compared to the as-welded samples with the heat tint left intact.    
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4.1.4 Austenitic 254 SMO 
 

CPT testing results for 254 SMO have been compiled in Table 9.  

 

Table 9. CPT-data for 254 SMO 

State CPT [°C] 
Weight difference [%] Pitting 100x 

Sample 1 Sample 2 Sample 1 Sample 2 

Base material 
(untreated) 

85 -1.9386 -2.1022 Yes Yes 

As-welded 

 
70 -1.8657 -2.0253 Yes (HAZ) Yes (HAZ) 

Pickled 

 
85 -2.5491 -2.2374 Yes (BM) Yes (BM) 

Cougartron 

 
70 -1.8325 -1.8001 No Yes (HAZ) 

Fronius 

 
80 -2.2273 -2.2872 

Yes (BM, 
HAZ) 

Yes (BM) 

 

The particular heat of 254 SMO investigated suffered corrosion along the centreline (Figure 
11). This may have provided some cathodic protection to the plate surfaces and thus 
contributed to the increased CPT compared to the handbook temperature of 65 °C. The 
centreline corrosion also explains the relatively large mass loss for 254 SMO, compared to the 
other materials that were investigated. 

 

 
Figure 11. Corrosion along centre line on 254 SMO 

 

Pitting on the surfaces of interest was, however, noticed first at 85 °C for the base material. 
The as-welded specimens showed pitting in the HAZ at 70 °C. Chemical pickling restored the 
pitting resistance to the same temperature as the un-welded base material. At 85 °C the 
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pickled samples only showed pitting in the base material and not in the weld or HAZ. At 80 
°C one of the Fronius samples experienced pitting only in the base material, while the other 
sample showed pitting both in the base material and HAZ. One of the Cougartron samples 
showed pitting in HAZ at 70 °C.    

4.1.5 Alloy 625 
 

Due to the high test temperatures, required for Alloy 625, CPT testing was only carried out on 
the base material and welded samples. The results can be found in Table 10. 

   

Table 10. CPT-data for Alloy 625 

State CPT [°C] 
Weight difference [%] Pitting 100x 

Sample 1 Sample 2 Sample 1 Sample 2 

Base material 
(untreated) 

95 -1.6978 -1.6772 Yes Yes 

As-welded 

 
95 -2.1666 -1.9027 Yes (BM) Yes (BM) 

 

The base material and the as-welded samples of Alloy 625 showed the same CPT of 95 °C. 
Although the heat tint remained on the as-welded specimens, pitting occurred in the base 
material rather than in the weld or HAZ at 95 °C. A lager mass loss can, however, be noticed 
for the as-welded samples compared to the base material.  

 

4.2 Microstructure 
 

Microstructural images at 50x and 200x magnification were captured in optical microscope. 
Pictures at 50x magnification display the different areas of the weld, fusion line, HAZ and 
base material. They show the material transformation between welded molten material, heat 
affected areas and solid un-affected material. The images captured at 200x magnification 
display the microstructure in the centre of the weld. The ferrite number of the duplex steels 
tended to be the highest in the weld, second largest in the base material and drop in the HAZ.  
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4.2.1 Lean duplex 2101 
 

Microstructural images show the structure of duplex LDX 2101 (Figure 12). The duplex 
structure with a darker ferrite matrix and lighter austenite embedded within can be seen. 
During solidification of the weld ferrite has formed firstly and austenite secondly, leading to a 
duplex structure. The ferrite fraction seems to be in majority in the weld structure. No clearly 
distinguished weld defects, like pores or inclusions can be spotted from the images. 

 

  

  

Figure 12. Microstructure of LDX 2101; a) Weld, fusion, HAZ and BM at 50x, b) Weld root at 50x,    
c) Weld at 200x and d) Top of weld at 50x 

 

The FN was investigated for LDX 2101 at three different points (Table 11). The results point 
towards an increase in ferrite content after solidification.  

 

Table 11. Ferrite number of LDX 2101 

LDX 2101 1 2 3 Mean 

BM: 52.1 47.5 47.1 48.9 

HAZ: 40.9 40.4 43.8 41.7 

Weld: 78.5 80.6 70 76.4 
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4.2.2 Duplex 2205 
 

The phase relationship between ferrite and austenite in the duplex structure of DX 2205 can 
be seen in the microscopical images (Figure 13).  The darker ferrite matrix is embedded with 
secondly formed lighter austenite. The pattern tends to show a higher ferrite fraction in the 
weld. From the images no major weld defects can be located. 

 

  

  

Figure 13. Microstructure of DX 2205; a) Weld, fusion, HAZ and BM at 50x, b) Weld root at 50x,      
c) Weld at 200x and d) Top of weld at 50x 

 

The FN in three different points for DX 2205 are similar to the ferrite content measured in 
LDX 2101 (Table 12). The FN peaks in the weld metal due to the speed of the cooling rate.  

 

Table 12. Ferrite number of DX 2205 

DX 2205 1 2 3 Mean 

BM: 41.2 43.9 41.2 42.19 

HAZ: 35.7 35.4 43.8 41.7 

Weld: 78.5 80.6 70 76.4 
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4.2.3 Super duplex 2507 
 

Microstructural images for SDX 2507 show a dark ferrite matrix with lighter austenite (Figure 
14). The ferrite fraction seems to be somewhat larger than the austenite fraction in the weld 
compared to the base material. In similarity to the other materials no significant weld defects 
are noticeable from the microstructural images. 

  

  

  

Figure 14. Microstructure of SDX 2507; a) Weld, fusion, HAZ and BM at 50x, b) Weld root at 50x,    
c) Weld at 200x and d) Top of weld at 50x 
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The top side of the cleaned welds were inspected in optical microscope (Figure 15). No 
noticeable surface defects were detected for any of the cleaning methods. 

 

  

  

Figure 15. Welded SDX 2507 viewed from above cleaned with; a) chemical pickling b) Cougartron     
c) Fronius and d) laser  

 

Compared to the two lower alloyed duplex stainless steels SDX 2507 had an overall lower FN 
in the three investigated points (Table 13). The FN of the weld is, in similarity to the other 
materials, the highest out of the three points.    

   

Table 13. Ferrite number of SDX 2507 

 SDX 2507 1 2 3 Mean 

BM: 42.7 39.2 41 41 

HAZ: 41.4 38.9 37.9 39.4 

Weld: 69.7 67.7 69.7 69 
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4.2.4 Austenitic 254 SMO 
 

The microscopical images for 254 SMO show an austenitic structure (Figure 16). The darker 
areas are caused by height difference in the topology.  

 

  

 

Figure 16. Microstructure of 254 SMO; a) Weld, fusion, HAZ and BM at 50x, b) Top of weld at 50x 
and c) Weld at 200x 
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4.3 SVET 
 

The results of SDX 2507 are presented in the form of a graph indicating the activity of the 
masked off surface. In a 3D plot current density is displayed on the z-axis [µA/cm2] and 
corresponds to a colour ranging from negative (blue) to positive (red) (Figure 17). Negative 
current density demonstrates a cathodic current which shows that the area is catholically 
protected from corrosion. Anodic activity, indicating corrosion, is displayed by a positive 
current density. The x-axis and y-axis form the test area with the starting coordinates 0,0 
which are located closest to the weld. For easier comparison 2D images are used for 
displaying the SVET results for the as-welded sample and the cleaning methods.  

 
Figure 17. 3D map of activity for as-welded SDX 2507 from SVET analysis 

 

4.3.1 As-welded 
 

The 2D plot shows the activity of a test area with the heat tint remaining (Figure 18) The as-
welded sample show increased anodic activity in the area closest and adjacent to the weld. 
Furthermore, the HAZ contains areas which are not totally passive as indicated by the yellow 
and red zones. 

 

 
Figure 18. 2D plot of activity for pickled SDX 2507 from SVET analysis 
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4.3.2 Pickled 
 

SVET analysis 2D plot indicates some activity for the pickled specimen (Figure 19). There 
are active yellow zones scattered in the HAZ with a peak in anodic activity approximately 2 
mm from the weld metal. 

 
Figure 19. 2D plot of activity for pickled SDX 2507 from SVET analysis 

 

4.3.3 Cougartron 
 

The sample cleaned with Cougartron shows a variation in cathodic activity in the SVET 2D 
plot, which indicates passivation across the test surface (Figure 20). 

 
Figure 20. 2D plot of activity for Cougartron cleaned SDX 2507 from SVET analysis 
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4.3.4 Fronius 
 

The 2D plot from SVET analysis for the Fronius electrolytically cleaned sample indicates a 
totally passive test area close to the weld metal (Figure 21). 

 

 
Figure 21. 2D plot of activity for Fronius cleaned SDX 2507 from SVET analysis  

 

4.3.5 Laser 
 

In similarity to the as-welded sample there is increased activity closely adjacent to the weld 
for the laser ablated sample. In addition, active areas are scattered across areas further from 
the weld (Figure 22).   

 

 
Figure 22. 2D plot of activity for Laser ablated SDX 2507 from SVET analysis 
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5 Discussion 
 

Firstly, the overall advantages and disadvantages with the cleaning methods will be discussed 
to facilitate an understanding about when a method might be beneficial. The suitability of a 
method largely depends on requirements. Secondly, the results from CPT testing, 
microstructural evaluation and SVET analysis will be discussed for each tested material.  

 

5.1 Advantages and disadvantages for cleaning methods  
 

A problem associated with post weld cleaning methods is the inability to successfully be 
implemented on-site, for example when performing repair work. The main drawbacks are the 
insufficiency of mechanical methods, the harsh acids used in pickling and the inflexibility of 
the procedure. In addition, on-site work can include welding in narrow spaces or complex 
geometries where it is impossible to perform post weld cleaning or ensure proper disposal of 
chemicals. Chemical pickling is however a familiar method which has already been 
implemented and the parameters for different stainless steels are largely known.   

 

Electrolytical cleaning of welded joints require less rigorous safety and disposal procedures, 
compared to chemical pickling, due to weaker chemicals being used. The process is relatively 
flexible and easily manoeuvred, with the benefit of letting the user visually determine when 
the heat tint has been removed while the cleaning progresses. The instant results allow an 
adjustment of current, application time and speed as the work proceeds. 

 

If ranking the methods after required cleaning time for the same specimen dimensions (70 x 
300 mm) laser ablation is the fastest (~15 s), followed by electrolytical cleaning (~5-10 min) 
and chemical pickling (~5 h depending on material). The set-up time for laser ablation for a 
new joint is, however, extensive compared to the other methods as it requires multiple 
parameter trials. In addition, the process is not as flexible as cleaning with a brush or pad 
because of the importance of maintaining the focus point.         

 

5.1.1 LDX 2101 
 

The relatively high CPT of 40 °C for the base material is possible due to cathodic protection 
of the surface of the samples when the edges were attacked by crevice corrosion. Pitting 
occurred in the transition area between the weld and base material for all welded samples 
above the CPT. One can argue that this is due to the filler material being more highly alloyed 
compared to the base material. Insufficient removal of weld oxides in the fusion line or 
decreased corrosion resistance because of microstructural change during solidification might 
cause the transition area to be the weakest point with regards to pitting corrosion. It is 
however not clear if the cleaning methods resulted in the same pitting corrosion resistance as 
the samples with the heat tint remaining because no tests below 5 °C were performed. Based 
on weight difference and visual observations after CPT testing the most successful cleaning 
method out of the four tested seems to be chemical pickling. Depending on requirements, for 
example cleaning speed or safe chemical disposal, electrolytical cleaning or laser ablation 
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might be more beneficial as no major difference in CPT can be seen for the cleaning methods. 
After chemical pickling, Cougartron and laser ablation showed the least weight difference and 
pitting. The trend with a peak in FN for the weld metal noticed for the duplex grades is 
probably caused by a more rapid cooling rate for the molten material compared to the HAZ. 
The HAZ seems to have experienced a slower cooling rate allowing more austenite to form.     

 

5.1.2 DX 2205 
 

At some point in the process during or after welding it seems that some contamination has 
occurred on the root side surface. Although the surfaces were brushed with a stainless steel 
brush and heat tint removed electrolytically, the contamination seem to have affected the 
pitting corrosion resistance on the root side. The occurrence was minimised after brushing and 
not noticed for any material except DX 2205. It might, however, have influenced the CPT of 
the as-welded samples and cleaned specimens. Even though all cleaning methods resulted in 
the same CPT as the base material, chemical pickling seems to be the most successful. The 
pickled samples experienced pitting only in the base material at CPT, suggesting a higher 
pitting resistance in the weld compared to the base material. The two electrolytical methods 
did however experience pitting in the base material, HAZ and weld at 40 °C. In similarity to 
LDX 2101 the implementation possibility for the electrolytical methods largely depend on the 
requirements as all cleaning methods resulted in the same CPT as the base material. 

 

5.1.3 SDX 2507 
 

Although the base material showed surprisingly high CPT, the CPT of the chemically pickled 
samples was unexpectedly low in reference to the as-welded specimens. The pickled samples 
exhibited the same CPT as the specimens with the heat tint remaining. The two electrolytical 
methods and laser ablation showed CPT 5°C above the CPT of the pickled samples. It should 
be noted that all cleaned samples tended to have a problem with edge corrosion, which was 
disregarded when the CPT was defined. It gets increasingly hard to increase the pitting 
corrosion resistance of welded samples the more highly alloyed they are, as they require 
stronger agents and longer cleaning application time. Compared to the other highly alloyed 
material, 254 SMO which had the same pickling exposure time and had an increase in CPT, 
one can assume SDX 2507 should require a similar pickling time. There is however a risk that 
they were pickled for too long but compared to the lower alloyed DX 2205, which exhibited a 
relatively high CPT for the pickled samples and no apparent material decomposition for the 
same application time, it seems unlikely. Instead there is a possibility SDX 2507 could benefit 
from changes in the welding procedure. The mechanised GTAW successfully produced clean 
welds with no apparent defects, but the cooling rate could however be lowered for the duplex 
grades and especially for SDX 2507. The cooling rate is especially high because of the 
relatively large thickness of the plates. It could however be managed through multiple weld 
passes or pre-heating. The lowered cooling rate would allow more austenite formation during 
solidification and possibly increase the CPT of the welded specimens. Another option for 
facilitated austenite growth would be to use shielding and root gas with 2% N2 additions, 
which is recommended when GTAW SDX 2507. The microstructural images and FN-
measurements indicated an excessive amount of ferrite in the welded samples.    

 



 Swerim AB 
101221 

46 

SVET results indicated decreased activity for the pickled and electrolytically cleaned samples 
compared to the as-welded specimen. The electrolytically cleaned specimens showed a 
passive test area in HAZ, which was conclusive with the CPT results as attacks were 
exclusively located in the weld metal. One can imagine that if SVET analysis was performed 
on the weld for the electrolytically cleaned samples there would be increased activity. The 
pickled specimen showed an active area located approximately 2 mm from the weld in the 
HAZ. CPT testing did however, in similarity to the electrolytically cleaned samples, result in 
pits located in the meld metal. This indicates that even though the HAZ of the pickled 
specimen has some activity, the weld is even more prone to induce pitting. The laser ablated 
sample did show similar activity to the welded specimen, with a large increase in activity in 
the area closely adjacent to the weld. As pitting was initiated in the weld for the CPT tested 
laser ablated samples the weld area seems to have an even lower pitting corrosion resistance 
compared to the highly active area close to the weld metal indicated by SVET analysis. CPT 
testing in combination with SVET results indicate that the welded SDX 2507 is significantly 
more prone to pitting, compared to the base material, although visual traces of the heat tint 
had been removed.     

 

5.1.4 254 SMO 
 

The high CPT for the samples can be explained by cathodic protection from the corrosion at 
the centreline seen in all tested samples. The centreline attack was disregarded when defining 
CPT, but it did result in a comparably large weight loss after testing and the visual aspect was 
the main contributor when judging the success of the cleaning methods. The chemically 
pickled welds showed the same CPT as the un-welded samples, with pits located exclusively 
in the base material. The location indicates that the pitting corrosion resistance of the weld 
was restored to that of the parent metal. Cleaning with Fronius resulted in a CPT 5 °C below 
pickling and Cougartron 10 °C below that. For the two electrolytical methods pits were 
noticed in HAZ. 

 

5.1.5 Alloy 625 
 

No difference in CPT between base material or samples with the heat tint remaining was 
noticed. In addition, the attack favoured the base material rather than the weld oxides on the 
as-welded samples, so no further work was done on cleaning methods. The lack of a 
difference in CPT might be due to the high alloy content of the material and the high quality 
of the welds leading it to be increasingly resilient towards pitting corrosion. In addition, it is 
not clear if the attack was due to pitting. It is possible that the attack was caused by a 
phenomenon called transpassive dissolution which occurs when the potential between 
solution and sample causes material diffusion, but the passive layer is kept intact due to its 
great resilience.    
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6 Conclusions 
 

 Depending on pitting corrosion requirements an alternative to chemical pickling can 
be electrolytical cleaning with Cougartron, Fronius or laser ablation. The cleaning 
methods more or less removed all visually noticeable traces of heat tint. 
 

 The electrolytical cleaning methods and laser ablation are more environmentally 
friendly, quicker and safer to handle compared to pickling. 

 

 A clear drop in CPT was noticed for samples with the heat tint remaining, except for 
Alloy 625. 

 

 Generally, the cleaning methods resulted in increased pitting corrosion resistance for 
welded specimens. It is however hard to draw generalised conclusion about which 
method is the most suitable for different kinds of stainless steels. 
 

 Brushing followed by chemical pickling increased the CPT and lead to a lesser extent 
of pitting in the welded joints or in HAZ in most examined materials. 
 

 The low CPT of the pickled joints for SDX 2507 is irregular and contrast the results 
seen for the other materials. 
 

 The SVET results from SDX 2507 show full passivation of area next to and adjacent 
to the weld on the samples cleaned with Cougartron and Fronius. The pickled samples 
showed small areas of activity close to the weld, while the sample cleaned with laser 
did not achieve full passivation.   
 

  



 Swerim AB 
101221 

48 

7 Suggested future work 
 

Possible future work includes: 

 

 Investigate if the ferrite content in the weld for SDX 2507 may be lowered by 
decreased cooling rate and/or nitrogen additions in the shielding gas. CPT test could 
be performed in order to determine if a possible increase in austenite content affects 
pitting corrosion resistance in a positive way. 
 

 Alloy 625 might benefit from another test method for determining CPT due to the high 
temperatures required. This could possibly also make testing on the cleaned welds 
feasible. 

 

 Cleaning with laser ablation requires more study to optimise parameter settings. The 
surface of the laser cleaned duplex steels should be investigated further as the ferrite 
content might be increased because of elevated temperatures. 
 

 Additional thought on the possibility of examining CPT with the ASTM G150 method 
(Avesta Cell) should be considered as to minimise other influences like crevice 
corrosion, edge attack or surface contamination. The Avesta Cell requires a flat test 
surface, so the samples including some of the weld could perhaps be made flat enough 
to allow a sealed testing area.  
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Appendix B  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No pitting
Pitting
No pitting on area of interest
CPT 

C = Root side cleaned with Cougartron
F = Root side cleaned with Fronius
F.S. = Rootside brushed & cleaned with Fronius 
BM = Base material
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Material
Test temperature [°C] Area [cm2] Requierd solution [ml] Weight before [g] Weight after [g] Weight differance [g]  Weight loss [%] Visible pits [x100]

LDX 2101
Untreated:
Test 1.1 15 13.8 156.5 65.7274 65.6296 -0.0978 0.1490% No (edge)
Test 1.2 15 15 162.5 71.6117 71.5256 -0.0861 0.1204% No (edge)
Test 1.3 20 13.2 153.5 61.8922 61.7413 -0.1509 0.2444% No (edge)
Test 1.4 20 12.6 150.5 59.8788 59.7661 -0.1127 0.1886% No (edge)
Test 1.5 25 13.8 156.5 67.1831 66.8893 -0.2938 0.4392% No (edge)
Test 1.6 25 13.2 153.5 64.2283 63.8908 -0.3375 0.5282% No (edge)
Test 1.7 30 10.8 141.5 51.6242 51.2586 -0.3656 0.7132% No (edge)
Test 1.8 30 13.8 156.5 65.4341 65.0512 -0.3829 0.5886% No (edge)
Test 1.9 35 15.25 163.75 71.9408 71.2593 -0.6815 0.9564% No (edge)
Test 1.10 35 13.42 154.6 62.5439 62.0018 -0.5421 0.8743% No (edge)
Test 1.11 40 13.8 156.5 65.8295 65.1563 -0.6732 1.0332% Yes
Test 1.12 40 12 147.5 58.8053 58.0910 -0.7143 1.2296% Yes

Post weld:
Test 2.1 ~30 10.24 138.7 48.4508 47.7492 -0.7016 1.4693% Yes (fusion & weld)
Test 2.2 ~30 11.52 145.1 52.3345 51.5936 -0.7409 1.4360% Yes (fusion & weld)
Test 2.3 20 8.32 129.1 53.4277 52.8494 -0.5783 1.0942% Yes (fusion)
Test 2.4 20 8.32 129.1 54.9986 54.4391 -0.5595 1.0278% Yes (fusion)
Test 2.5 10 10.71 141.05 53.4735 53.1310 -0.3425 0.6446% Yes (fusion)
Test 2.6 10 10.54 140.2 49.4200 49.1125 -0.3075 0.6261% Yes (fusion)
Test 2.7 <5 11.16 143.3 54.5595 54.4312 -0.1283 0.2357% Yes (fusion)
Test 2.8 <5 10.08 137.9 51.3715 51.2475 -0.1240 0.2420% Yes (fusion)

Pickled:
Test 3.1 20 9.75 136.25 49.2945 48.8487 -0.4458 0.9126% Yes (fusion)
Test 3.2 20 13 152.5 60.8447 60.3901 -0.4546 0.7528% Yes (fusion)
Test 3.3 10 9.75 136.25 49.7401 49.531 -0.2091 0.4222% Yes (fusion)
Test 3.4 10 8.96 132.3 47.1069 46.9131 -0.1938 0.4131% Yes (fusion)
Test 3.5 <5 12.54 150.2 60.5936 60.5606 -0.0330 0.0545% No
Test 3.6 <5 10.4 139.5 51.6769 51.6094 -0.0675 0.1308% Yes (fusion)

Cougartron:
Test 4.1 20 10.88 141.9 55.4182 54.7526 -0.6656 1.2157% Yes (fusion & weld)
Test 4.2 20 11.56 145.3 55.5834 54.9257 -0.6577 1.1974% Yes (fusion & weld)
Test 4.3 10 11.39 144.45 56.1268 55.7282 -0.3986 0.7153% Yes (fusion)
Test 4.4 10 11.56 145.3 58.4875 58.2118 -0.2757 0.4736% Yes (fusion)
Test 4.5 <5 10.72 141.1 58.2556 58.0876 -0.1680 0.2892% Yes (fusion)
Test 4.6 <5 10.56 140.3 53.5404 53.4027 -0.1377 0.2579% Yes (fusion)

Fronius:
Test 5.1 20 11.56 145.3 58.6704 57.8546 -0.8158 1.4101% Yes (fusion & weld)
Test 5.2 20 10.88 141.9 56.6054 55.8066 -0.7988 1.4314% Yes (fusion & weld)
Test 5.3 10 10.2 138.5 55.2486 54.7440 -0.5046 0.9217% Yes (fusion)
Test 5.4 10 10.88 141.9 54.7650 54.2854 -0.4796 0.8835% Yes (fusion)
Test 5.5 <5 11.56 145.3 58.1918 57.9450 -0.2468 0.4259% Yes (fusion)
Test 5.6 <5 10.2 138.5 54.0533 53.8325 -0.2208 0.4102% Yes (fusion)

Laser ablation:
Test 6.1 20 10.88 141.9 56.4465 55.7296 -0.7169 1.2864% Yes (fusion)
Test 6.2 20 12.98 152.4 62.1635 61.4069 -0.7566 1.2321% Yes (fusion & weld)
Test 6.3 10 10.72 141.1 55.1482 54.7634 -0.3848 0.7027% Yes (fusion)
Test 6.4 10 11.56 145.3 58.1165 57.7207 -0.3958 0.6857% Yes (fusion)
Test 6.5 <5 10.88 141.9 51.1238 51.0125 -0.1113 0.2182% Yes (fusion)
Test 6.6 <5 11.56 145.3 58.4679 58.3405 -0.1274 0.2184% Yes (fusion)
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Material
Test temperature [°C] Area [cm2] Requierd solution [ml] Weight before [g] Weight after [g] Weight differance [g] % weight loss Visible pits [x100]

DX 2205
Untreated:
Test 1.1 40 13.2 153.5 63.8459 63.5397 -0.3062 0.4819% Yes
Test 1.2 40 13.2 153.5 67.7872 67.4560 -0.3312 0.4910% Yes
Test 1.3 35 12.6 150.5 62.7702 62.7591 -0.0111 0.0177% No
Test 1.4 35 13.2 153.5 65.7664 65.7538 -0.0126 0.0192% No

Post weld:
Test 2.1 C 30 14.25 158.75 69.4081 69.3629 -0.0452 0.0652% No (root side) 
Test 2.2 C 30 13.86 156.8 68.3315 68.2527 -0.0788 0.1155% No (root side) 
Test 2.1 F 30 13.32 154.1 63.1336 63.0989 -0.0347 0.0550% No (root side) 
Test 2.2 F 30 13.68 155.9 67.7188 67.683 -0.0358 0.0529% No (root side) 
Test 2.3 C 35 13.5 155 66.9561 66.7162 -0.2399 0.3596% Root side & Weld
Test 2.4 C 35 14.44 159.7 69.4348 69.2076 -0.2272 0.3283% Root side & Weld
Test 2.3 F 35 14.25 158.75 68.7887 68.5949 -0.1938 0.2825% Root side & Weld 
Test 2.4 F 35 12 147.5 59.9381 59.7587 -0.1794 0.3002% Root side & Weld 
Test 2.5 F.S. 30 10.26 138.8 47.3397 47.2336 -0.1061 0.2246% No
Test 2.6 F.S. 30 9.6 135.5 47.5194 47.4161 -0.1033 0.2179% Yes (weld)
Test 2.7 F.S. 35 10.2 138.5 51.5990 51.3848 -0.2142 0.4169% Yes (fusion & edge)
Test 2.8 F.S. 35 9 132.5 47.2231 47.0368 -0.1863 0.3961% Yes (fusion)
Test 2.9 F.S. 20 9.6 135.5 47.1844 47.1809 -0.0035 0.0074% No
Test 2.10 F.S. 20 9.76 136.3 52.2227 52.2207 -0.0020 0.0038% No
Test 2.11 F.S. 25 10.54 140.2 50.3966 50.3116 -0.0850 0.1689% No
Test 2.12 F.S. 25 10.54 140.2 52.9586 52.8896 -0.0690 0.1305% No

Pickled:
Test 3.1 35 11.9 147 59.4111 59.3696 -0.0415 0.0699% No
Test 3.2 35 12.42 149.6 63.1655 63.1244 -0.0411 0.0651% No
Test 3.3 40 11.73 146.15 56.8994 56.4998 -0.3996 0.7073% Yes (BM)
Test 3.4 40 11.9 147 55.4035 55.0184 -0.3851 0.6999% Yes (BM)

Cougartron:
Test 4.1 P. 35 12.24 148.7 61.3684 61.3263 -0.0421 0.0686% No
Test 4.2 P. 35 10.88 141.9 52.9913 52.9618 -0.0295 0.0557% No
Test 4.3 P. 40 11.56 145.3 54.8503 54.3226 -0.5277 0.9714% Yes (BM, HAZ & weld)
Test 4.4 P. 40 11.56 145.3 57.5005 56.9707 -0.5298 0.9300% Yes (BM, HAZ & weld)

Fronius:
Test 5.1 P. 35 11.04 142.7 53.6614 53.5615 -0.0999 0.1865% No
Test 5.2 P. 35 10.88 141.9 54.4352 54.4220 -0.0132 0.0243% No
Test 5.3 P. 40 11.73 146.15 57.3597 57.0162 -0.3435 0.6025% Yes (BM, HAZ & weld)
Test 5.4 P. 40 11.73 146.15 58.055 57.6927 -0.3623 0.6280% Yes (BM, HAZ & weld)
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Material
Test temperature [°C] Area [cm2] Requierd solution [ml] Weight before [g] Weight after [g] Weight differance [g]  Weight loss [%] Visible pits [x100]

SDX 2507
Untreated:
Test 1.1 65 13.8 156.5 65.9207 65.9202 -0.0005 0.0008% No
Test 1.2 65 13.8 156.5 66.1597 66.1592 -0.0005 0.0008% No
Test 1.3 70 13.2 153.5 64.3038 64.3006 -0.0032 0.0050% No
Test 1.4 70 13.2 153.5 61.9277 61.9243 -0.0034 0.0055% No
Test 1.5 80 12.6 150.5 59.5826 59.037 -0.5456 0.9242% Yes
Test 1.6 80 13.2 153.5 61.7924 61.2631 -0.5293 0.8640% Yes
Test 1.9 75 13.34 154.2 65.4013 65.2555 -0.1458 0.2234% Yes
Test 1.10 75 14.5 160 69.7218 69.5624 -0.1594 0.2291% Yes

Post weld:
Test 2.1 65 11.05 142.75 57.3185 56.3699 -0.9486 1.6828% Yes (weld)
Test 2.2 65 11.05 142.75 52.1728 51.2307 -0.9421 1.8389% Yes (weld)
Test 2.3 75 11.05 142.75 53.5802 52.4504 -1.1298 2.1540% Yes (weld)
Test 2.4 75 11.05 142.75 53.5229 52.3258 -1.1971 2.2878% Yes (weld)
Test 2.5 55 11.70 146 55.0085 54.6644 -0.3441 0.6295% Yes (weld)
Test 2.6 55 11.05 142.75 56.6566 56.3569 -0.2997 0.5318% Yes (weld)
Test 2.7 45 10.88 141.9 55.1076 55.1048 -0.0028 0.0051% No
Test 2.8 45 11.05 142.75 56.3584 56.3543 -0.0041 0.0073% No
Test 2.9 50 11.05 142.75 54.3077 54.3044 -0.0033 0.0061% No
Test 2.10 50 10.4 139.5 51.0372 51.0350 -0.0022 0.0043% No

Pickled:
Test 3.1 70 12.06 147.8 58.8850 57.8065 -1.0785 1.8657% Yes (weld)
Test 3.2 70 10.72 141.1 52.1089 51.0122 -1.0967 2.1499% Yes (weld)
Test 3.3 60 11.22 143.6 56.9613 56.3586 -0.6027 1.0694% Yes (weld)
Test 3.4 60 10.4 139.5 51.9258 51.3582 -0.5676 1.1052% Yes (weld)
Test 3.5 55 11.05 142.75 53.4076 53.0728 -0.3348 0.6308% Yes (edge & weld)
Test 3.6 55 11.7 146 54.7624 54.6314 -0.1310 0.2398% Yes (edge & weld)
Test 3.7 50 11.52 145.1 58.016 57.9868 -0.0292 0.0504% No
Test 3.8 50 10.08 137.9 51.1135 51.0807 -0.0328 0.0642% No

Cougartron:
Test 4.1 70 9.9 137 50.9520 49.8223 -1.1297 2.2675% Yes (weld)
Test 4.2 70 12.24 148.7 57.6923 56.4961 -1.1962 2.1173% Yes (weld)
Test 4.3 60 11.39 144.45 57.8084 57.3992 -0.4092 0.7129% Yes (weld)
Test 4.4 60 11.39 144.45 55.7144 55.0133 -0.7011 1.2744% Yes (weld)
Test 4.5 55 13.11 153.05 60.9759 60.7298 -0.2461 0.4052% No (edge)
Test 4.6 55 10.2 138.5 52.7022 52.5646 -0.1376 0.2618% No (edge)
Test 4.7 50 11.39 144.45 55.5928 55.5912 -0.0016 0.0029% No
Test 4.8 50 11.39 144.45 57.3299 57.3293 -0.0006 0.0010% No

Fronius:
Test 5.1 70 12.42 149.6 60.7322 59.4837 -1.2485 2.0989% Yes (weld)
Test 5.2 70 11.73 146.15 55.5669 54.3571 -1.2098 2.2257% Yes (weld)
Test 5.3 60 10.5 140 55.1161 54.4567 -0.6594 1.2109% Yes (weld)
Test 5.4 60 11.04 142.7 53.3111 52.5512 -0.7599 1.4460% Yes (weld)
Test 5.5 55 11.88 146.9 56.4361 56.2405 -0.1956 0.3478% No (edge)
Test 5.6 55 11.39 144.45 54.5294 54.3874 -0.142 0.2611% No (edge)
Test 5.7 50 12.73 151.15 61.86 61.7626 -0.0974 0.1577% No (edge)
Test 5.8 50 9.9 137 51.0132 51.0032 -0.01 0.0196% No

Laser ablation:
Test 6.1 70 12.06 147.8 61.3571 60.2018 -1.1553 1.9190% Yes (weld)
Test 6.2 70 10.4 139.5 52.2050 51.2451 -0.9599 1.8732% Yes (weld)
Test 6.3 60 11.22 143.6 55.8664 55.0950 -0.7714 1.4001% Yes (weld)
Test 6.4 60 10.56 140.3 55.3493 54.7619 -0.5874 1.0726% Yes (weld)
Test 6.5 55 10.72 141.1 53.0976 53.0927 -0.0049 0.0092% No
Test 6.6 55 11.05 142.75 55.8831 55.7082 -0.1749 0.3140% No (edge)
Test 6.7 50 10.56 140.3 52.479 52.2227 -0.2563 0.4908% No (edge)
Test 6.8 50 10.72 141.1 53.1014 52.825 -0.2764 0.5232% Yes (edge & weld)
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Material
Test temperature [°C] Area [cm2] Requierd solution [ml] Weight before [g] Weight after [g] Weight differance [g]  Weight loss [%] Visible pits [x100]

254 SMO
Untreated:
Test 1.1 65 13.8 156.5 66.2140 65.5212 -0.6928 1.0574% No (centrum)
Test 1.2 65 13.8 156.5 66.7575 65.9487 -0.8088 1.2264% No (centrum)
Test 1.3 70 13.2 153.5 64.0548 63.1598 -0.8950 1.4170% No (centrum)
Test 1.4 70 13.2 153.5 64.0511 63.0947 -0.9564 1.5158% No (centrum)
Test 1.5 80 13.2 153.5 62.9819 61.8216 -1.1603 1.8769% No (centrum)
Test 1.6 80 12.6 150.5 62.2297 61.0875 -1.1422 1.8698% No (centrum)
Test 1.9 85 15 162.5 73.2231 71.8306 -1.3925 1.9386% Yes
Test 1.10 85 13.2 153.5 62.8884 61.5936 -1.2948 2.1022% Yes

Post weld:
Test 2.1 65 11.39 144.45 55.2139 54.1697 -1.0442 1.9276% No
Test 2.2 65 11.39 144.45 57.1859 56.1227 -1.0632 1.8944% No
Test 2.3 75 11.39 144.45 57.3975 56.1982 -1.1993 2.1341% Yes (HAZ)
Test 2.4 75 11.22 143.6 58.0946 56.9642 -1.1304 1.9844% Yes (HAZ)
Test 2.5 70 12.06 147.8 61.0139 59.8964 -1.1175 1.8657% Yes (HAZ)
Test 2.6 70 11.56 145.3 56.0590 54.9462 -1.1128 2.0253% Yes (HAZ)

Pickled:
Test 3.1 75 11.39 144.45 58.0585 56.8244 -1.2341 2.1718% No
Test 3.2 75 11.39 144.45 60.1636 58.9285 -1.2351 2.0959% No
Test 3.3 70 10.88 141.9 58.3134 57.2607 -1.0527 1.8384% No
Test 3.4 70 11.39 144.45 57.6661 56.6485 -1.0176 1.7963% No
Test 3.5 80 11.22 143.6 58.7749 57.4478 -1.3271 2.3101% No
Test 3.6 80 11.56 145.3 58.4662 57.1953 -1.2709 2.2220% No
Test 3.7 85 11.73 146.15 55.5565 54.1755 -1.381 2.5491% Yes (BM)
Test 3.8 85 13.11 153.05 63.1694 61.787 -1.3824 2.2374% Yes (BM)

Cougartron:
Test 4.1 75 11.22 143.6 57.3919 56.0604 -1.3315 2.3751% Yes (Weld minor)
Test 4.2 75 10.56 140.3 55.2444 53.9943 -1.2501 2.3152% Yes (HAZ minor)
Test 4.3 70 11.56 145.3 61.2879 60.185 -1.1029 1.8325% No
Test 4.4 70 11.22 143.6 55.9349 54.9458 -0.9891 1.8001% Yes (HAZ minor)
Test 4.5 80 11.39 144.45 55.9141 54.739 -1.1751 2.1467% Yes (HAZ & BM  minor)
Test 4.6 80 11.39 144.45 56.6466 55.3557 -1.2909 2.3320% Yes (HAZ & BM  minor)
Test 4.7 65 12.42 149.6 61.5477 60.7138 -0.8339 1.3735% No
Test 4.8 65 10.88 141.9 55.2600 54.5151 -0.7449 1.3664% No

Fronius:
Test 5.1 75 10.72 141.1 56.6349 55.403 -1.2319 2.2235% No
Test 5.2 75 10.72 141.1 53.9710 52.6383 -1.3327 2.5318% No
Test 5.3 70 11.56 145.3 55.1528 54.0994 -1.0534 1.9472% No
Test 5.4 70 11.88 146.9 60.0519 58.8595 -1.1924 2.0258% No
Test 5.5 80 11.39 144.45 58.7404 57.4606 -1.2798 2.2273% Yes (BM & HAZ)
Test 5.6 80 10.72 141.1 56.1692 54.9132 -1.256 2.2872% Yes (BM)
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Material
Test temperature [°C] Area [cm2] Requierd solution [ml] Weight before [g] Weight after [g] Weight differance [g]  Weight loss [%] Visible pits [x100]

625

Untreated:
Test 1.1 85 14.88 161.9 79.0873 79.0870 -0.0003 0.0004% No
Test 1.2 85 14.03 157.65 74.8309 74.8307 -0.0002 0.0003% No
Test 1.3 95 11.2 143.5 65.5182 64.4244 -1.0938 1.6978% Yes
Test 1.4 95 12 147.5 68.3827 67.2547 -1.128 1.6772% Yes
Test 1.5 90 15 162.5 80.1315 80.1314 -0.0001 0.0001% No
Test 1.6 90 12.6 150.5 68.3695 68.3695 0 0.0000% No

Post weld:
Test 2.1 85 11.39 144.45 59.9403 59.9362 -0.0041 0.0068% No
Test 2.2 85 11.05 142.75 62.9406 62.9370 -0.0036 0.0057% No
Test 2.3 95 10.56 140.3 55.1348 53.9656 -1.1692 2.1666% No (root side)
Test 2.4 95 12.06 147.8 64.3318 63.1306 -1.2012 1.9027% No (root side)
Test 2.5 90 11.22 143.6 62.0185 62.0181 -0.0004 0.0006% No
Test 2.6 90 11.22 143.6 57.839 57.8385 -0.0005 0.0009% No
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LDX 2101 Base material after 40 °C (CPT) LDX 2101 Base material after 40 °C (CPT) 

 

 

LDX 2101 As-welded after 5 °C LDX 2101 As-welded after 10 °C 
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LDX 2101 Pickled after 5 °C  LDX 2101 Pickled after 10 °C  

  

LDX 2101 Cougartron after 5 °C  LDX 2101 Cougartron after 10 °C  
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LDX 2101 Fronius after 5 °C  LDX 2101 Fronius after 10 °C  

  

LDX 2101 Fronius after 5 °C  LDX 2101 Fronius after 10 °C  

  

LDX 2101 Laser after 5 °C  LDX 2101 Laser after 10 °C  
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DX 2205 Base material after 40 °C (CPT) DX 2205 Base material after 40 °C (CPT) 

  

DX 2205 As-welded after 30 °C (CPT) DX 2205 As-welded after 35 °C 
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DX 2205 Pickled after 40 °C (CPT) DX 2205 Pickled after 35 °C 

  

DX 2205 Cougartron after 40 °C (CPT) DX 2205 Cougartron after 35 °C 
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DX 2205 Fronius after 40 °C (CPT) DX 2205 Fronius after 35 °C 

  

SDX 2507 Base material after 75 °C (CPT) SDX 2507 Base material after 75 °C (CPT) 
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SDX 2507 As-welded after 55 °C (CPT) SDX 2507 As-welded after 65 °C 

  

SDX 2507 Pickled after 55 °C (CPT) SDX 2507 Pickled after 60 °C 
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SDX 2507 Cougartron after 60 °C (CPT) SDX 2507 Cougartron after 70 °C 

  

SDX 2507 Fronius after 60 °C (CPT) SDX 2507 Fronius after 70 °C 
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SDX 2507 Laser after 60 °C (CPT) SDX 2507 Laser after 70 °C 

  

254 SMO Base material after 85 °C (CPT) 254 SMO Base material after 85 °C (CPT) 
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254 SMO As-welded after 70 °C (CPT) 254 SMO As-welded after 75 °C 

  

254 SMO Pickled after 85 °C (CPT) 254 SMO Pickled after 80 °C 
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254 SMO Cougartron after 70 °C (CPT) 254 SMO Cougartron after 75 °C 

  

254 SMO Fronius after 80 °C (CPT) 254 SMO Fronius after 75 °C 
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Alloy 625 Base material after 95 °C (CPT) Alloy 625 Base material after 95 °C (CPT) 

  

Alloy 625 As-welded after 95 °C (CPT) Alloy 625 As-welded after 95 °C (CPT) 
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