
 1

BEHAVIOR OF LASER WELDED STEEL IN CHLORIDE SOLUTION STUDIED 

USING DIFFERENCE IMAGING 

H.S. Isaacs * 

Department of Materials Science 

Brookhaven National Laboratory, Upton, New York 11973, USA 

Y.M. Looi 1, J.H.W. de Wit 1, 2 

1 Netherlands Institute for Metals Research (NIMR) 

Rotterdamseweg 137, 2600 GA Delft, The Netherlands. 

2 Delft University of Technology 

Rotterdamseweg 137, 2628 AL Delft, The Netherlands. 

Abstract  
In situ imaging techniques in conjunction with electrochemical measurements 

were used to study the behavior of steel surfaces in simple chloride solutions. 

The imaging method was sensitive to the presence of significantly thicker 

uniform layers than the original passive oxide. The layers were found to form in 

chloride after the steel was anodically polarized following reduction of the 

passive oxide film. The growth of the layer depended on the degree of prior 

passive oxide reduction.  Formation of the layer was also sensitive to underlying 

structure and enabled rapid location of regions of higher corrosion rate across 

laser welds in steels. 
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1. Introduction 

 

Locating preferential corrosion that leads to component failure in low alloy steel welds 

exposed to chloride solutions has required extended periods, ranging from hours to many days, 

before the competing corrosion rates of the susceptible regions become evident [1-4].  Random 

pitting initially dominates the early stages of corrosion in simple chloride solutions, and only 

after a period of time depassivates surrounding areas [6,7].  

 

 Electrochemical reduction of the passive oxide on iron has been investigated in buffered 

solutions. Also, surfaces, considered free of oxide after such reduction, have been used to 

explore the reformation of passive films [8,9] as well pitting characteristics [10-13]. This work, 

specifically on welds, was designed to investigate ways to bypass the pitting stage and bridge 

the delay in identifying the susceptible regions of the weld. Here, in situ imaging techniques in 

conjunction with electrochemical measurements were used to rapidly identify and analyze the 

progress of surface changes on the weld and the base metal after removing or modifying the 

surface oxide by electrochemical reduction.  

 

2. Experimental 

 

  Surfaces images were recorded using a difference viewer imaging technique (DVIT) 

(Applicable Electronics Inc.) that displays both a real-time image and a processed difference-

image. The latter was obtained by digitally subtracting an earlier image from the real time 

image.  Multiplying the result by an amplification factor and adding a grey level to the entire 
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image further enhanced the difference. The resulting processed image showed only those 

changes that took place during the period between recording the earlier background and the 

real time image [14]. The processed difference-images are unencumbered by visible “noise” 

created by static details in real time images and only identify where changes have taken place 

on the surface or in solution.  

 

A galvanized sheet of 0.055C, 0.26% Mn steel 1.5 mm thick was studied with and without a 

Nd:YAG laser weld.  Welding was at 5.2 m/minute with an input energy of 3000W. Samples 

of 20 x 15mm were cut from the sheet, abraded to remove the Zn and ending with a wet 600 

grit finish ultrasonically washed in distilled water. Samples with an air formed oxide, or with 

an oxide film grown at 2mV s-1 from -0.6 to 0.5Vsce in a pH 8.4 borate buffer (0.3 M 

H3BO3 + 0.075 M Na2B4O7 · 10H2O) were tested. All potentials were measured against a 

saturated calomel electrode. A transparent adhesive tape (3M Co. Type 5 Electrical Tape) with 

a square 6x6 mm window limited the exposed area of all samples. The samples were mounted 

vertically by pressing them against a 12 mm diameter O-ring with a screw-down Al cylinder 

about 12mm in length and diameter. The test solution was air saturated 0.5 M NaCl. Tests were 

conducted within an enclosure housing the microscope, camera, and a light source for sample 

illumination leading to enclosure temperatures a few degrees warmer than the test solutions. 

 

2. Results  

2.1 Open circuit measurements 
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 The open circuit potential of as-abraded surfaces dropped below -0.5 Vsce during the first few 

minutes of exposure to the chloride solution and remained close to this potential for about 30 

min before falling to about -0.68 Vsce. Using DVIT, about 30 pits cm-2 pitting sites were seen, 

many of which continued to grow but at different rates. Earlier, investigators documented the 

influence of the time of air exposure after surface abrasion on open circuit behavior as the 

passive oxide thickens [16,17].  With increasing air exposure, corrosion develops more slowly, 

and the open circuit potential remains above -0.5 Vsce for longer periods before corrosion starts 

spreading [7,15].  Hence, oxide films were also grown in borate buffer solution to allow more 

time for setting up imaging experiments before the onset of corrosion.   

 

Convection currents in the solution determined the movement of corrosion products, the 

breakdown of passivity and the spreading direction.  If the temperature of the solution was 1 0C 

below the ambient air temperature, convection currents propelled the corrosion products 

upward.  The sensitivity to ambient air temperature arose because heat transfer from air to 

solution was facilitated by the relatively large Al block pressing the sample to the O-ring. 

Heating the solution changed its density sufficiently to overcome the increase in density caused 

by the build up of dissolved corrosion product, FeCl2. 

 

 

2.2 Controlled Potential Measurements 

 

 A method was explored to determine more definitively if susceptibility to corrosion was 

greater in the area of the welds. The potential was first stepped for 3 min to a cathodic pre-
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treatment level and then to a potential at which corrosion was monitored.  A potential of -0.5 

Vsce was chosen for the monitoring. This potential was where most changes take place [3,7,17]; 

it was  also selected by for investigations of weld corrosion [4]. In this study it proved to have 

advantages in rapidly identifying the corrosion susceptibility of welds.    

 

Effect of Pre-treatment on the Behavior of Steel at -0.5 Vsce. 

 

Fig. 1 is an example of the current response at -0.5 Vsce after pretreating the steel with and 

oxide grown in borate solution at -1.2 Vsce..  After stepping the potential to -0.5 Vsce the current 

recorded was very high, ~8 mA/cm2. The arrows marked a, b, and c relate to the images in Fig. 

2.   The current dropped approximately exponentially for the first 100s, showed a brief plateau, 

and then decreased again to a minimum after about 1000s. The plateau was not a consistent 

feature and was more prevalent with oxides grown in borate.  Fig. 2 shows images during the 

early stages of the exposure at -0.5 Vsce and processed images using DVIT. Fig. 2a-i was 

recorded just prior to stepping the potential from -1.2 to -0.5 Vsce. Fig. 2a-ii was taken 33 s 

later, at arrow a in Fig. 1. The processed difference image derived from subtracting Fig. 2a-ii 

from 2a-i is shown in Fig. 2a-∆. It clearly reveals that a distinct change took place over the 

surface in the 33s after stepping the potential. A uniform surface darkening due to the 

formation of a film occurred in the first 4 s, and, by 8s it showed gradations. With care, the 

formation of the film at this early stage can be seen with the naked eye and also by directly 

comparing Fig. 2a-i and 2a-ii; however, its formation can be easily missed. After 25 s, 

concentration gradients due to convection currents were seen with DVIT and persisted until 

300s.  These gradients are apparent in Fig. 2b-∆.  Visualization of the convection currents is 
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assisted by variations in the refractive index due to different concentrations of dissolved FeCl2. 

Areas of the sample continued to darken and a black deposit formed over them, as depicted in 

Fig. 2c.  

 

The amount of charge forming Fe++ prior to the minimum at 1000 s was obtained by 

integrating the curve, yielding 2450 mC cm-2. Charge measurements also were made after 

other pre-treatment and stepping to –0.5 Vsce as shown in Fig. 3.  The charge during decay was 

obtained by integrating the current-time curve.  Integration usually was continued until the 

current reached its minimum; however, if no minimum was observed the time was limited to 

1600s. The negative background current due to dissolved oxygen complicated measurements 

with low currents at less negative potentials.  Fig. 3 plots the charges for air formed and borate 

grown oxides. It also shows the results for a welded sample.   

 

 Fig. 2 a- ∆ also show the fate of some H2 bubbles produced at -1.2 Vsce most of which adhered 

to the hydrophobic tape surrounding the exposed steel. Bubbles that detached between the 

recording of Fig. 2a-i and 2a-ii show up as white circles in the difference image; this was 

because they were black in the background image (2a-i) and on subtraction from the real time 

image, appeared as white in the difference image. 

 

Behavior of Laser Welded Steel at Controlled Potentials 

 

Fig. 4 plots the currents for welds during exposure at -0.5 Vsce after pre-treatment at the 

potentials indicated from -1.2 to -0.6 Vsce. Also included is a measurement for a sample 
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immediately stepped from the open circuit potential to –0.5 Vsce on immersion. The features of 

the current were similar to those of the steel without the weld.  The plateau seen in Fig. 1 for a 

pre-treatment at –1.2 Vsce was not duplicated in the welded sample but was seen after –1.1 Vsce 

pre-treatment. The charge associated with the initial decay in Fig. 3 followed the same trend 

for the non-welded samples, with a dramatic decrease between –1.1 and –1.0 Vsce.  

 

Fig. 5 shows the appearance of welded samples after 1800 s at -0.5 Vsce after a -1.0 Vsce, pre-

treatment. It also includes a weld stepped immediately on immersion from the open circuit 

potential to –0.5 Vsce. Pre-treatment at -1.0 Vsce to showed the whole weld region was slowest 

to s darken after stepping the potential, but then the attack accelerated with the weld becoming 

darker than the steel. The two fusion lines, where the liquid metal first solidified, and where it 

was last to solidify at the center of the weld, darkened more rapidly than the weld itself (Fig. 

6). At 250 s these features were clearly seen with DVIT as ∆250s. This attack also was very 

evident in the real image after 700 s, although barely visible in the real image, at 250s. The 

heat affected zones in the base metal close to the weld were the slowest to darken.  

 

With pre-treatment at and above -0.8 Vsce, the initial currents and the associated charge were 

similar to the non-welded steel, dropping dramatically as seen in Fig. 4.  The associated charge 

in Fig. 3 also showed the decreasing trend between –1.0 VSCE and –0.6 Vsce. Thus, our findings 

lead to three conclusions.  First, pre-treatment below –0.5 Vsce is reflected in a decrease in pit 

initiation, certainly down to –0.8 Vsce. Second, at and below –1.0 Vsce   corrosion no longer is 

initiated by a few pits but becomes distinctly general. Third, general corrosion is not uniform 

but depends on the properties of the underlying metal.  
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3. Discussion  

 

The classical polarization curve for Fe in a borate [8] or phosphate [18] solution shows a 

current maximum above which a passive oxide is formed. Below the maximum, the surface is 

generally considered free of oxide and undergoes active dissolution. The charge needed to 

form the oxide or the corresponding thickness in borate varies with its formation potential at a 

rate of approximately 3.45 mC cm-2 V-1 [10] or thickness of 1.8 nm V-1 [9]. In borate, the oxide 

film often has been galvanically reduced at –1.0 Vsce, leaving an iron surface thought to be free 

of oxide.  Bardwell and co-workers  partially reduced  the oxide  to thin it  for testing in buffer 

solutions containing halides wherein they clearly demonstrated that pitting depended on 

attaining a specific thickness of oxide, and not on a specific potential nor on allowing sufficient 

time for breakdown [10-13]. When pitting did take place, the density of pits was high with a 

spacing of ~0.01 cm [13].  Similar work has not been undertaken in solutions with only 

chloride salts because of the uncertainties associated with the onset of localized corrosion. The 

present work investigated the effects on subsequent corrosion behaviour of pre-treating the 

passive oxide film to partially reduce or remove it.   

 

The time variations of current and imaging with non-welded (Fig. 1 and 2) and welded steel 

(Fig. 4) all showed an initial fall in current signalling the formation of a film after stepping the 

potential from a pre-treatment level to -0.5 Vsce. DVIT images in Fig. 2 revealed that the 

formation of a film led to the initial decrease in current seen in Fig. 1 but the film different 

from a passive oxide.  If a passive oxide formed, its thickening would lead to a rapid decay in 
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current.  Deposition of a salt film [19,20] would be expected to show the characteristic current 

transients.  The dramatic change due to the 180 s pre-treatment below –1.0 Vsce in Fig.3 

suggests that the passive oxide was completely reduced and entailed a marked increase in 

charge due to both the formation and dissolution of the film. This is seen, respectively, in the 

difference images Fig. 2a-∆, showing film formation, and 2b-∆ showing convection and 

concentration gradients in solution. The charge was related to a minimum in the current that 

did not separate the two products of Fe oxidation. A better assessment of the charge associated 

with film growth could be made knowing the growth kinetics of the film, and extrapolating the 

initial decay. The initial part of the curves on a logarithmic plot of the current-time data (see 

Fig. 1 inset) show a slope close to -0.5, suggesting a parabolic growth rate for the first 30s 

controlled by the gradient of an ionic species, possibly Fe2+ within the film [21].  From this 

relationship and assuming that the film continued to grow for 100 s, the thickness of the film 

from the results in Fig. 1 would be 310 mC cm-2 or a thickness of oxide of 600 nm, taking a 

value of 0.52 nm cm2 mC-1 similar to a passive oxide [10].  

 

For pre-treatments from -1.0 to -0.7 Vsce the initial decay charge was about 4-15 mC cm-2.  The 

voltage steps from these potentials to –0.5Vsce were 0.2 to 0.5V. A similar step increase in a 

borate solution would lead to increases in oxide thickness requiring charges of 0.7-1.7 mC cm-

2, that is, about 6 times less than in the chloride solution. The abraded surfaces do have larger 

true surface areas than those of the electropolished surfaces employed in the borate 

measurements, but by less than a factor of two [22].  Even for a factor of three, the charge in 

the chloride solution is greater that for the passive oxide in borate.  The growth of the new 

layer or film probably involves the conversion of the remaining passive oxide. Chloride was 
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incorporated in oxides on Ni when the oxide film was grown in the presence of added chloride 

[23], but a similar behaviour has not been reported with Fe. Nevertheless, a converted film 

must have characteristics very different from the passive oxide, and it would be surprising if 

chloride did not enter it.  Further work is necessary to clarify its composition and properties. 

After pre-treatment at –1.0 Vsce, the layer of passive oxide is very thin and the resulting film 

affords only some protection for a short period before the current increases. If the passive film 

were undermined, similar changes would be expected after pre-treatments at higher potentials, 

as the new film would be similar to that generated after the –1.0 Vsce pre-treatment. However, 

pre-treatment above the –1.0 Vsce reduced the susceptibility to pitting, as seen from the 

recorded currents and surface appearance of the metal in Figs 4 and 5 with a minimum current 

following pre-treatment at -0.7 Vsce.. 

  

Pre-treatment below –1.0 Vsce led to a very rapid formation of films at –0.5 Vsce that is 

attributable to the absence of any passive oxide. Unlike the effects of higher pre-treatment 

potentials, the DVIT images showed that large concentrations of dissolution products were 

generated (Fig. 2 b-∆).   The high anodic currents probably cause changes in pH over the 

surface of the steel that assist the rapid dissolution of the film initially formed.  The changes 

are similar to those that develop within pits and are reflected in the current changes for the –0.5 

Vsce exposure without pre-treatment where many pits had developed. 

 

Pre-treatment at –1.0 Vsce facilitated the location of the more susceptible regions within the 

weld. An example of the etching of the weld is seen in the DVIT image in Fig. 6 at 250s after 

pre-treating at –1.0 Vsce , and in the direct  image acquired after about 700s. At more negative 
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potentials, the black moss-like deposit interfered with observations of details of the etching of 

the weld.  

 

4. Conclusions 

 

1. Pre-treating steels in simple chloride solutions to progressively reduce the passive 

oxide at more negative potentials and then stepping to a potential to where pitting is normally 

observed leads to distinct changes in corrosion behavior.   

2. Partial reduction or thinning of the oxide film dramatically reduces susceptibility to 

pitting.  

3. On stepping the potential, a film differing from a passive oxide is formed that 

probably incorporates the passive oxide thereby forming a thicker layer than would be 

expected for a layer made up of only passive oxide. 

4. When no passive oxide is present, rapid growth of the uniform layer leads to a 

decrease in the pH of the solution, and rapid dissolution of the layer producing conditions 

similar to those present within a pit.  

5. After pre-treatment leaving a very thin or no passive oxide, the properties of the 

underlying metal strongly influence the dissolution of the metal, and susceptible regions of 

welds are rapidly localized.  When passive oxides dominate the initial progress of corrosion, 

the main mode of attack is pitting that masks the location of susceptible regions. 
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Figure Captions 

 

Figure 1.    Variation in current at -0.5 Vsce for steel, after a180 s pre-treatment at -1.2 

Vsce. A logarithmic plot of the data is inset. The arrows a, b, c, point to times at 

which images shown in Figure 2 were recorded.  

Figure 2.    In situ images of steel surfaces at -0.5 Vsce. 

(a-i)  A real image just prior to stepping the potential from -1.2 Vsce.  

(a-ii)  A real image 10 s after stepping the potential from -1.2 Vsce. 

(a-∆) The difference image obtained on subtracting image a-i from a-ii and 

processing the difference, 

(b-∆) A difference image at 61 s obtained on subtracting an image recorded at 

53 s from b-ii and processing the difference.  

(b-ii)  A real image at 61s.  

(c)     A real image 900 s after stepping the potential from -1.2 Vsce.  

Figure 3.    The charge during the initial current decay at -0.5 Vsce following 180 s pre-

treatments of steel at different potentials with air formed oxides and borate 

grown oxides and for welded steel with borate grown oxide. 

Figure 4. Current variations with time for laser welded steel at -0.5 Vsce after 180 s pre-

treatment at potentials from -1.2 to 0.7 Vsce. Also shown are variations for 

welded steel without pre-treatment, held only at -0.5 Vsce.  

Figure 5. In situ real images of the laser welded steels taken at 1800s during the 

exposures in Figure 4.   
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Figure 6. Images of a laser weld during exposure at -0.5 V after a 3 minute pre-treatment 

at -1.0 V showing two real images after 250 and 700 s and a processed 

difference image, ∆250 s obtained by subtracting an image at 60s from the 

image at 250 s.  
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Figure 1. Variation in current at -0.5 Vsce for steel, after a180 s pre-
treatment at -1.2 Vsce. A logarithmic plot of the data is inset. The arrows 
a, b, c, point to times at which images shown in Figure 2 were recorded.
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Figure 2. In situ images of steel surfaces at -0.5 Vsce.
(a-i)  A real image just prior to stepping the potential from -1.2 Vsce. 
(a-ii)  A real image 10 s after stepping the potential from -1.2 Vsce.
(a-∆) The difference image obtained on subtracting image a-i from a-ii and processing 
the difference,
(b-∆) A difference image at 61 s obtained on subtracting an image recorded at 53 s from 
b-ii and processing the difference. 
(b-ii)  A real image at 61s. 
(c)     A real image 900 s after stepping the potential from -1.2 Vsce. 
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Figure 4. Current variations with time for laser welded steel at -0.5 Vsce
after 180 s pre-treatment at potentials from -1.2 to 0.7 Vsce. Also shown 
are variations for welded steel without pre-treatment, held only at -0.5 
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Figure 5. In situ real images of the laser welded steels 
taken at 1800s during the exposures in Figure 4. 

-1.1 V                   -1.0 V                   -0.8 V

-0.7 V                    -0.6 V                   -0.5 V

6 mm

 

250 s ∆250 s 700 s

Figure 6. Images of a laser weld during exposure at -0.5 V after a 3 minute 
pre-treatment at -1.0 V showing two real images after 250 and 700 s and a 
processed difference image, ∆250 s obtained by subtracting an image at 
60s from the image at 250 s.
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