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Abstract

This study investigates the combined effects of oxygen content in the purging gas and
pre-weld surface finish on the discoloration and corrosion resistance of AISI 316L pipe
joints, with relevance to pipe welding where internal cleaning is constrained. The hybrid
GTAW–FCAW process was used. Welds were produced at two oxygen levels (500 and
5000 ppm) and two finishes (40- vs. 60-grit). Discoloration and oxide morphology were
examined by SEM/EDS, and corrosion behavior was evaluated without oxide removal
using cyclic polarization and electrochemical impedance spectroscopy. The results reveal
that higher oxygen levels in the purging gas produced more porous, less protective oxide
layers, along with intensified oxidation around surface defects such as micro-holes. Surface
roughness was also found to influence corrosion behavior: rougher surfaces exhibited
higher resistance to pit initiation, whereas smoother surfaces were more susceptible to
initiation but offered greater resistance to pit propagation. The corresponding governing
mechanisms were identified and discussed in terms of how surface preparation affects
crystallographic texture, heterogeneities and recrystallization. Taken together, the results
link oxide morphology and near-surface microstructure to electrochemical response and
offer practical guidance for pipe welding when internal cleaning is constrained, balancing
purging control with surface preparation to preserve corrosion performance. The findings
further highlight the critical roles of both purging-gas composition and surface preparation
in the corrosion performance of stainless steel welded pipes.

Keywords: discoloration; pitting corrosion; 316L SS; GTAW

1. Introduction
The durability and performance of stainless steels are crucial in industrial environ-

ments where resistance to pitting corrosion determines the longevity and reliability of
components. Among them, austenitic stainless steel AISI 316L is widely used for pipelines
and structural parts exposed to corrosive media because of its excellent corrosion resistance
and mechanical strength [1–3]. During welding, surface discoloration inevitably occurs
and can degrade the material’s behavior in aggressive conditions [4–6]. The oxide film
that develops on the weld surface may strongly influence the alloy’s resistance to localized
corrosion, particularly pitting, a common failure mode in chloride-containing environ-
ments [1]. Several welding parameters affect the corrosion resistance of AISI 316L [7–10];
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among these, the oxygen content of the purging gas and the surface roughness of the weld
are especially significant [10].

The oxygen concentration in the backing gas has a direct impact on the oxide formation
at the weld root surface, leading to discoloration and altering the chemical composition
of the oxide layer [11]. This discoloration, caused by oxygen impurities during purging,
is especially critical in industries such as oil and gas, where pitting corrosion resistance
is vital [12]. Several studies have examined the influence of oxygen content in purging
gases on both discoloration and corrosion behavior of stainless steels [4,13]. To ensure
optimal corrosion performance, the atmospheric air must be effectively displaced from
the fusion zone during welding—particularly for the root pass—by supplying an inert
purging gas on the backside of the weld. Bergquist et al. [14] reported that atmospheric
oxygen levels of about 210,000 ppm can produce a thick oxide film on the weld root surface.
Picha et al. [15] observed that adding nitrogen (N2) to argon as a purging gas enhanced the
pitting corrosion resistance of 304 stainless steel welds made by Gas Tungsten Arc Welding
(GTAW). Similarly, Trigwell et al. [16] attributed oxidation-induced discoloration in the
heat-affected zone of electropolished stainless steel to oxygen contamination in the argon
backing gas, noting that the discoloration intensity increases with oxygen content due to
the formation of an iron-rich oxide layer. Studies have shown that excessive oxygen content
can lead to the formation of porous oxide layers and chromium-depleted zones, which
compromise the material’s ability to resist pitting corrosion [5].

Thermal heterogeneity across the heat-affected zone (HAZ) plays a crucial role in
determining oxide formation, thickness, and corrosion resistance. Our recent thermo-
dynamic analysis using FactSage [4] revealed that around 800 ◦C, stable phases such as
corundum and spinel are favored, while at higher temperatures approaching 1300 ◦C,
δ-ferrite and liquid oxide phases begin to appear; partial melting occurs beyond 1445 ◦C.
These variations in phase stability explain why low-temperature regions typically form
thin, chromium-rich protective oxides, whereas high-temperature areas develop thicker,
iron-rich and liquid-like oxides that are porous and less protective [4]. The resulting oxide
thickness directly influences the interference colors visible on the weld surface. Accord-
ing to optical principles, these colors arise from the path difference of light reflected at
the air/oxide and oxide/metal interfaces. Consequently, the straw-yellow, blue, purple,
and black discolorations are not merely aesthetic effects but correspond to specific oxide
thickness ranges associated with the thermal cycles during welding [17–19].

The American Welding Society (AWS) standards, including AWS D18.1 and AWS
D18.2, establish strict limits for discoloration in stainless steels used in sanitary and food-
processing applications, where only light blue or lighter shades are considered accept-
able [20]. However, these specifications do not extend to the oil and gas sector, leaving
a knowledge gap for this field. Previous studies have shown that using a purging gas
with an oxygen concentration of about 500 ppm during GTAW produces optimal results in
multi-pass welds by improving pitting corrosion resistance, whereas increasing the oxygen
level to 5000 ppm significantly reduces it [4]. Despite these findings, the combined effect
of oxygen content and surface roughness on pitting corrosion resistance during hybrid
GTAW/Flux-Cored Arc Welding (FCAW), a process widely employed in industrial pipe
fabrication, has not yet been investigated.

Surface roughness is another key factor that strongly affects the corrosion behavior of
stainless steel. In general, smoother surfaces enhance corrosion resistance by promoting
the formation of a uniform and stable passive oxide film [21,22]. Nowak [22] reported that
increasing the surface roughness of AISI 316Ti improved oxidation resistance by facilitating
the development of a stable Cr–Mn mixed oxide layer. Wang et al. [23] found that increasing
surface roughness intensified pit depth growth in HP-13Cr Stainless Steel. They explained
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their findings in terms of the influence of surface roughness in reducing the stagnant layer
thickness and accelerating cation diffusion while forming multistage vortices in surface
troughs, which inhibited Fe2+ diffusion, promoting local acidification and therefore ac-
celerating pitting corrosion. Jaffré et al. [24] found that mechanical surface treatments,
particularly dry grinding, significantly impair the passive film stability and corrosion
resistance of 304L stainless steel in chloride environments, mainly due to increased rough-
ness and residual stresses. Similarly, Zhang et al. [25] demonstrated that electropolishing
improves the corrosion resistance of 304L stainless steel by removing surface deformation,
whereas sandpaper grinding introduces residual stress that reduces passive film stability.
Guo et al. [26] further showed that in ENiCrFe-7 welds tested without oxide removal,
decreasing surface roughness led to lower passive current density and higher corrosion
potential—confirming that smoother surfaces provide superior corrosion protection.

Although it is well established that reducing surface roughness generally improves
resistance to pitting corrosion, most of these findings are based on experiments where
the oxide layers were removed before testing [10,26–30]. In real industrial environments,
however, the oxide layer on the inner surface of welded pipes is often retained, and its
influence on corrosion performance has been rarely examined. In this study, the oxide layer
formed during high-temperature exposure was deliberately preserved to reflect realistic
service conditions. As reported by several researchers [31–36], rougher surfaces tend to
develop thicker oxide layers, whereas smoother surfaces produce thinner and less porous
oxides. These contrasting morphologies are expected to affect the corrosion behavior of
welded joints in service. Accordingly, this work offers new insights into the combined
influence of surface roughness and intact oxide layers on the corrosion resistance of 316L
stainless steel pipe welds used in the oil and gas industry.

Although numerous studies have examined the influence of oxygen content in the
purging gas on surface discoloration and corrosion resistance of stainless steels, the
combined effects of oxygen concentration and surface roughness remain insufficiently
understood—particularly under industrial conditions where the discolored oxide layer is
left intact. Moreover, the specific role of surface roughness in governing corrosion resistance
in discolored welds has not been systematically investigated. This study addresses these
knowledge gaps by evaluating whether an oxygen concentration of 500 ppm remains opti-
mal for hybrid GTAW/FCAW and by assessing how surface roughness affects the corrosion
resistance of AISI 316L stainless steel welds. The results aim to provide practical guidance
for optimizing welding parameters in the oil and gas industry, balancing performance and
cost efficiency without the need for post-weld surface treatments.

To achieve these objectives, the effects of two oxygen contents in the purging gas
(500 ppm and 5000 ppm) and two surface roughness levels (buffed with 40- and 60-grit
abrasives) on discoloration and corrosion resistance of AISI 316L stainless steel were inves-
tigated. The discoloration level was characterized by microscopic and chemical analyses,
while electrochemical testing was conducted to evaluate the welded joints’ resistance
to localized corrosion. The composition and morphology of the oxide layers were also
examined to elucidate the underlying mechanisms. Finally, the results were integrated
to propose practical recommendations for optimizing welding parameters and ensuring
reliable performance in industrial applications.

This study addresses key gaps in current knowledge by examining how oxygen
contents in the backing gas and surface finish influence pitting corrosion resistance in
GTAW/FCAW-welded AISI 316L joints. The novelty lies in assessing the effect of surface
roughness on corrosion behavior within the discoloration zone, while preserving the
internal oxide layer to realistically represent pipe interiors where post-weld cleaning is
impractical. This zone, exposed to distinct thermal conditions during welding, plays a
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critical role in corrosion performance yet remains insufficiently investigated, particularly for
hybrid GTAW/FCAW processes applied to 316L stainless steel pipelines. Electrochemical
Impedance Spectroscopy (EIS) and cyclic polarization tests were employed to clarify how
surface roughness influences the underlying corrosion mechanisms.

2. Methodology
2.1. Materials and Sample Preparation

The AISI 316L stainless steel samples used in this study were supplied by PCL (Ed-
monton, Alberta, Canada). The alloy’s chemical composition was determined using a
SPECTROMAXx LMF08 optical emission spectrometer (Ametek, Kleve, Germany). To
ensure measurement of accuracy and reproducibility, five independent readings were
performed, and their average values were used for analysis (Table 1). The pipe employed
in this study had an external diameter of 154.4 mm and a wall thickness of 7.11 mm for the
base metal section.

Table 1. The elemental composition of the 316L stainless steel used in this study.

Element C Mn Si P S Mo Cr

wt.% 0.0212 ± 0.0004 1.70 ± 0.0070 0.439 ± 0.0020 0.0333 ± 0.0004 0.0290 ± 0.0023 2.03 ± 0.0054 16.70 ± 0.0240

Element Ni Al Co Cu W Others Fe

wt.% 10.13 ± 0.0327 0.0061 ± 0 0.209 ± 0.00055 0.55 ± 0.0016 0.0601 ± 0.0003 0.17 Balance

2.2. Surface Preparation and Roughness

To evaluate the effect of surface roughness on pitting corrosion resistance, the samples
were mechanically polished using 40- and 60-grit abrasive papers to produce two distinct
surface finishes. These surface conditions replicate the industrial partner’s standard pre-
weld preparation for curved pipe sections. Surface roughness was measured using a
Keyence VR-2500 3D surface profiler (Keyence Canada Inc., Mississauga, ON, Canada).
For each grit size, 120 individual measurements were taken to ensure statistical reliability,
and the average roughness (Ra) values were calculated accordingly. The measured Ra
for the 60-grit samples (B2) was 2.29 ± 0.14 µm, while for the 40-grit samples (B1), it was
2.80 ± 0.32 µm. The base metal outside the weld zone exhibited a higher roughness of
6.64 ± 0.89 µm. Representative 3D and line-profile images of the 60-grit surface topography
are presented in Figure 1.

Figure 1. (a) Multi-line roughness profile (60-grit); (b) 3D surface map showing anisotropic grooves.

2.3. Welding Procedures

The 316L stainless steel specimens were welded using a hybrid process combining
GTAW and FCAW. Argon gas containing controlled oxygen contents (500 or 5000 ppm)
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was employed to purge the interior of each pipe. The root pass was deposited by GTAW,
followed by two FCAW passes for filling, resulting in a total of three welding passes per
specimen. The geometry of the welded joint is illustrated in Figure 2.

 
Figure 2. Weld zone geometry (dimensions in mm).

The detailed welding parameters for each pass are summarized in Table 2, while the
purging gas compositions are listed in Table 3. Before welding, argon gas with precisely
adjusted oxygen contents (500 and 5000 ppm) was introduced to purge the inner surface
of the pipe. Commercial-grade oxygen was mixed with argon of different purity levels to
obtain the desired concentrations. All tests were conducted in the as-welded condition
to replicate actual pipeline interiors, where post-weld cleaning is generally not feasible.
The oxygen levels of 500 ppm and 5000 ppm were selected based on prior GTAW work [4],
which identified distinct discoloration characteristics, particularly a marked transition to
opaque black and porous oxide formation at 5000 ppm.

Table 2. Welding parameters used for the 316L stainless steel pipelines.

Process GTAW FCAW FCAW

Pass 1 2 3

Shielding gas Ar Ar Ar

Purge gas flow rate (CFH) 30 40 40

Current (A) 170 ± 20 236 ± 20 262 ± 20

Voltage (V) 12.6 ± 1 29.5 ± 1 29.5 ± 0.2

Tube-to-work distance (mm) 9.52 9.52 9.52

Heat input (Kj/mm) 1.24 0.87 1.18

Table 3. Purging gas concentrations.

Oxygen Content (ppm) 500 5000

Component Ar +0.05% O Ar +0.5% O

To ensure precise control of oxygen concentration during welding, the oxygen level
was continuously monitored using a PurgEye 300 instrument (Huntingdon Fusion Tech-
niques, Burry Port, Wales). The purging process was carefully initiated and maintained until
the target oxygen content was reached. Both pipe ends were sealed to ensure a controlled
atmosphere, with inert gas introduced from one side and oxygen content continuously
measured at the opposite end to maintain the specified environment.
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2.4. Oxide Layer Analysis

The surface discoloration and oxide layer morphology were initially examined using
a Keyence VR-2500 3D optical profilometer (Keyence Canada, Mississauga, ON, Canada).
Detailed characterization of the oxide layers was then carried out by scanning electron
microscopy (SEM) with two high-resolution instruments: Hitachi TM3000 (Hitachi High-
Tech, Tokyo, Japan) and SU8230 FE-SEM (Hitachi High-Tech, Tokyo, Japan).

A specialized sample preparation technique—previously described in detail by the
authors [4]—was employed to preserve the oxide layers during examination. This method
combines hot mounting with advanced ion milling to maintain the structural integrity of
the oxide in both cross-sectional and surface observations. For cross-sectional analysis, ion
milling was performed in two stages: the first at 6 kV for 2 h with a reciprocation speed
of 60 strokes/min and a ±15◦ swing angle, followed by a second stage at 5 kV for 1 h
with 30 strokes/min and a ±30◦ swing angle. For surface preparation, ion milling was
conducted at 5 kV for 3 min, using a reciprocation speed of 15 strokes/min and a ±60◦

swing angle. The IM4000 Plus ion mill (Hitachi) was used for all operations, ensuring
precise surface conditioning suitable for high-resolution SEM imaging.

In addition to SEM, Electron Backscatter Diffraction (EBSD) was performed to analyze
the grain structure of samples after buffing and welding. The chemical composition
of the discoloration zone was determined using X-ray diffraction (XRD) analysis with
a PANalytical X’Pert Pro diffractometer (Malvern Panalytical, Malvern, Worcestershire,
United Kingdom) operating with Co Kα radiation (λ = 1.78896 Å) at 40 mA and 45 kV.
Diffraction patterns were collected over a 2θ range of 20–80◦, with a step size of 0.016◦ and
a total scan duration of 1 h and 37 min, yielding high-resolution data.

Following the detailed morphological and compositional analysis of the oxide
layer, electrochemical tests were conducted to evaluate the pitting corrosion behavior
within HAZ.

2.5. Corrosion Testing

The pitting corrosion behavior within the HAZ was evaluated through cyclic polar-
ization and EIS, following the ASTM G5-13 [37] standard. Test specimens were prepared
with dimensions of 15 × 15 mm, providing an exposed surface area of 1 cm2 in contact
with the electrolyte solution (Figure 3). The test electrolyte consisted of an aqueous mixture
containing 0.5 M sodium chloride (NaCl) and 0.5 M sulfuric acid (H2SO4) to simulate a
highly corrosive environment. All experiments were carried out at a controlled temperature
of 23 ± 2 ◦C, in compliance with ASTM guidelines, and each test was repeated three times
to ensure reproducibility.

  

Figure 3. (a) Schematic representation of the location of the corrosion test sample, (b) Sample after
corrosion test.
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The open-circuit potential (OCP), or corrosion potential, was recorded for 300 s to al-
low stabilization before polarization. Cyclic polarization scans began 50 mV below the OCP
and extended up to 2000 mV (vs. Ag/AgCl), with a scan rate of 0.0016 V/s, as suggested
by previous studies [38–40]. IEIS measurements were performed over a frequency range of
0.1 Hz to 100 kHz, using a 10 mV AC perturbation at the OCP. The electrochemical setup
comprised the 316L stainless steel specimen as the working electrode (WE), a platinum
counter electrode (CE), and a saturated Ag/AgCl reference electrode (RE). All measure-
ments were carried out using an Autolab PGSTAT302N potentiostat/galvanostat (Metrohm,
Riverview, FL, USA) operated with NOVA 2.1.6 software (Metrohm, Riverview, FL, USA).
The specimen holder was supplied by Redox Company (Redox, Norrköping, Sweden),
and the electrochemical accessories—including the reference and counter electrodes—were
obtained from Pine Research Inc. In this study, corrosion testing was conducted without re-
moving the oxide layer, as the focus was on evaluating the pitting corrosion behavior under
conditions simulating actual industrial operating conditions. However, this approach made
it difficult to observe individual pit propagation and distinguish corrosion features from
surface imperfections and therefore, this aspect could not be investigated in the present
work. Consequently, direct imaging of pit propagation under the intact oxide was not
undertaken; propagation was assessed indirectly via cyclic polarization curve.

The electrochemical data was processed and visualized using MATLAB R2022a (Math-
Works, Natick, MA, USA). Parameters such as pitting potential (Epit), repassivation po-
tential, and passive current density were determined via the inflection point method [41],
which identifies slope changes along the polarization curve corresponding to transitions
between active, passive, and pitting regimes [41].

3. Results and Discussion
3.1. Oxide Layer Discoloration Analysis

Figure 4 presents the discoloration patterns observed on the inner welded surfaces
(the red lines indicate the fusion line) under the different oxygen and surface roughness
conditions. Since this study focuses on the pipe-relevant as-welded (heat-tinted) condi-
tion, no oxide-free control samples were included. The selected factor levels—oxygen
content (500 vs. 5000 ppm) and surface roughness (40- vs. 60-grit)—represent the in-
dustrial extremes defined by the partner, allowing evaluation of both main effects and
their interaction.

 

 

Figure 4. Discoloration of oxide layers (the red lines indicate the fusion line): (a) 500 ppm, B1;
(b) 500 ppm, B2; (c) 5000 ppm, B1; (d) 5000 ppm, B2.
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Samples welded under 500 ppm oxygen exhibited a uniform discoloration gradi-
ent, transitioning gradually from lighter to darker shades for both roughness levels. At
5000 ppm, however, a distinct blackened region appeared near the weld interface for both
surface finishes (Figure 4c,d). This dark zone, consistent across all roughness types, indi-
cates excessive oxidation [3]. This phenomenon will be further explained in subsequent
sections, where the microstructural and corrosion properties of these zones are analyzed.

In AISI 316L stainless steel, the weld pool solidifies in the ferrite–austenite mode,
producing a predominantly austenitic weld metal. As shown in Figure 5d, the fusion zone
exhibits dendritic austenite, while Figure 5b provides a closer view of the weld line and
fusion boundary (highlighted by the blue box in panel a). Figure 5c (red box in b) depicts
the adjacent heat-affected zone (HAZ) and base metal region, where thermal exposure
caused recrystallization and grain coarsening without melting or dendrite formation [42,43].
Our work evaluates only the inner surface of the HAZ (discoloration layer); the fusion-zone
image is included solely to orient the reader and mark boundaries, and subsurface features
inside the material do not affect our results and are not investigated in this paper.

 

Figure 5. Weld microstructure: (a) cross-section; (b) weld line (blue box in (a)); (c) adjacent HAZ/base
metal (red box in (b)); (d) weld-metal (green box in (b)).

Figure 6 shows a cross-sectional SEM image and corresponding elemental maps (Fe,
Cr, Mn) taken 1.5 mm from the fusion boundary of a weld produced under 5000 ppm
oxygen with the rougher surface (B2). The inner oxide layer consists mainly of Fe, Cr,
and Mn, consistent with the formation of spinel and corundum phases, in agreement with
previous studies [44,45]. The outermost oxide is dominated by iron oxides, featuring spinel-
type structures enriched in Fe and an overlying corundum layer. A porous morphology,
characteristic of excessive oxidation, was observed near the fusion line only under the 5000
ppm oxygen condition (Figure 7).
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Figure 6. (a) Oxide cross-section 1.5 mm from fusion line (5000 ppm Oxygen, B2); elemental maps:
(b) O, (c) Cr, (d) Fe, (e) Mn.

 
Figure 7. High-magnification SEM image of the porous oxide layer near the fusion line.
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The XRD pattern of the sample taken 1.5 mm from the fusion line under 5000 ppm
oxygen shows peaks corresponding to spinel (Fe(Mn, Cr)2O4), corundum (hematite, Fe2O3),
magnetite (Fe3O4), and wüstite (FeO) (Figure 8), confirming that the oxide layer is multi-
phase. The presence of spinel indicates a mixed Fe–Cr–Mn oxide, while the corundum peaks
reflect enrichment in Fe and Cr. The detection of wüstite, recognized by its distinct peak,
suggests formation in the outermost oxide or within porous regions [46]. A magnetite peak
at 53◦ and a strong wüstite peak in the FeO spectrum further support this interpretation.

 
Figure 8. XRD pattern under 5000 ppm oxygen condition.

At room temperature, wüstite is thermodynamically unstable and tends to transform
into magnetite via oxidation, as expressed by:

3FeO + 1/2O2 → Fe3O4 (1)

When wüstite is porous, however, oxygen diffusion is restricted, preventing complete
conversion to magnetite or hematite. A thin magnetite layer then forms on the surface,
while wüstite persists beneath it—a phenomenon previously observed on corroded steel
surfaces [47]. The limited oxygen transport through porous wüstite thus slows oxidation
and leaves residual FeO even at ambient conditions. Notably, FeO and Fe2O3 peaks are
visible at 1.5 mm from the fusion line, with FeO identified near 48◦, but these peaks
disappear at 3 mm, as shown in Figure 8.

Figure 9 illustrates surface oxidation features likely associated with pre-existing surface
imperfections from machining or forming. These features acted as preferential oxidation
sites during welding, and their evolution differed significantly between the 500 ppm and
5000 ppm conditions. At the lower oxygen level, oxidation remained localized within sur-
face cavities, producing a thin oxide with limited lateral growth (Figure 9a,b). At 5000 ppm
oxygen content, oxidation is significantly more pronounced, with greater propagation
beyond the original surface features. This is evident from the thicker oxide layers and more
extensive coverage of the material surface. As shown in Figure 9c, oxidation within surface
features propagates to a depth of approximately 7 micrometers. This oxidation leads to
detachment or delamination of the oxide layer from the underlying metal.
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Figure 9. SEM of surface oxidation: (a,b) 500 ppm Oxygen, 3 mm from fusion line; (c,d) 5000 ppm
Oxygen, 3 mm from fusion line.

3.2. Surface Grain Size Before and After Welding

The EBSD maps in Figure 10 show the cross-sectional microstructure of the AISI 316L
stainless steel base metal. A variety of crystallographic orientations are observed, yet the
grains appear uniform, with smooth boundaries and limited deformation. The average
grain size is approximately 5 µm, establishing a baseline for assessing the effects of surface
preparation and welding.

  

 
 

 

Figure 10. (a) SEM cross-section before welding/buffing; (b) band-contrast map (grain boundaries);
(c) IPF-Z map used in simulations; (d) EBSD orientation map; (e) IPF color legend.
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The EBSD analysis of sample B2 (Figure 11) reveals localized misorientation near the
surface, reaching up to 50.91◦. This misorientation, visible in both the angular misorienta-
tion graph and the color-coded EBSD map, reflects strain introduced by the buffing process.
The affected zone extends roughly 5 µm beneath the surface, beyond which the grains
return to their original orientation and size. Slip bands observed in Figure 11c confirm
plastic deformation in the near-surface region.

 

 

 

Figure 11. EBSD of 316L (B2): (a) band-contrast map; (b) orientation map; (c) higher-magnification
view of the black zone in (b); (d) orientation map for (c); (e) average misorientation vs. depth for B2.

In contrast, sample B1 exhibits greater surface deformation, with misorientation angles
up to 61.11◦ and a deformation depth of about 7 µm. The misorientation is continuous
across the surface, indicating a more uniform strain distribution. These findings highlight
that higher roughness introduces more pronounced surface deformation, both in terms of
misorientation angle and depth (Figure 12). The observed differences suggest that the sur-
face preparation technique significantly influences the subsurface strain and deformation
characteristics. Figure 12c shows a higher density of slip bands compared to B2, indicating
more pronounced plastic deformation near the surface. The increased slip band density
suggests a greater degree of localized strain.
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Figure 12. EBSD of 316L (B1): (a) band-contrast map; (b) orientation map; (c) higher-magnification
view of the red zone in (a); (d) orientation map of the grain in (c); (e) average misorientation vs. depth
for B1.

Figure 13 compares the kernel average misorientation (KAM) maps for B1 (40-grit) and
B2 (60-grit). The blue-to-red color gradient represents increasing misorientation. The B1
specimen shows higher concentrations of localized strain near the surface, corroborated by
the normalized misorientation distribution (Figure 13c). This trend confirms that rougher
surface preparation promotes more deformation-induced strain energy.

As illustrated in Figure 13, the misorientation introduced by buffing is largely relieved
after welding due to the thermal cycle, which promotes recovery and recrystallization
in the surface layer [48–50]. During recovery, stored strain energy is partially released,
reducing misorientation and residual stress [51]. Recrystallization subsequently replaces
the deformed grains with new, strain-free grains [52]. In austenitic stainless steels, these
microstructural transformations correlate closely with the observed discoloration: thicker
oxides formed under higher thermal exposure correspond to recrystallized regions, whereas
lighter discoloration zones reflect thinner Cr-rich oxides and limited recrystallization [53].

After welding, the near-surface microstructure consists of fine, equiaxed grains
(Figure 14), markedly smaller than those in the pre-weld condition. The heat input during
welding—particularly within the HAZ—drives this grain refinement. The prior deforma-
tion induced by buffing acts as a catalyst for recrystallization, providing nucleation sites
for the formation of smaller grains during thermal exposure.
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Figure 13. Kernel average misorientation analysis: (a) KAM map of B1, (b) KAM map of
B2, (c) normalized misorientation distribution.

 

 

Figure 14. Post-weld EBSD, 316L (B2), 2.5 mm from fusion line: (a) SEM of HAZ; (b) grain boundary
map (recrystallization/grain refinement); (c) orientation map.

Overall, EBSD analysis revealed that the rougher 40-grit (B1) surface condition pro-
duced higher misorientation and greater strain energy near the surface than the 60-grit
(B2) condition. This increased density of grain boundaries and local deformation directly
influences corrosion behavior in the HAZ—regions most susceptible to pitting. Enhanced
misorientation and grain boundary density in B1 likely accelerate the diffusion of alloying
elements such as Cr and Mn along grain boundaries, linking surface roughness to both
microstructural evolution and corrosion resistance.
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3.3. Oxidation Analysis

Figure 15 shows elemental maps revealing Cr- and Mn-depleted zones along grain
boundaries after welding. These depleted areas form due to preferential oxidation of Cr
and Mn during high-temperature exposure.

 

Figure 15. Elemental maps of the welded sample B2 (Figure 14): (a) O, (b) Cr, and (c) Mn.

The formation and stability of the oxide layer in welded AISI 316L depend on the
diffusion of Cr and Mn from the bulk to the surface and grain boundaries [53]. his diffusion
is governed by grain boundary density, surface roughness, and oxygen content in the
purging gas. Because grain boundaries provide rapid diffusion pathways, the effective
diffusivity ( De f f

)
can be described by a modified Hart’s equation [54]:

Deff = (1 − f)DL + fDGB (2)

where DGB and DL are the grain boundary and lattice diffusion coefficients, and f is the
grain boundary volume fraction:

f =
2δ
d

(3)

where δ is the grain boundary width and d is the grain size. Since the grain boundary diffu-
sion coefficient is significantly higher than the lattice diffusion coefficient (DGB ≫ DL) [55],
the effective diffusivity can be approximated as [56]:

Deff ≈ DL +
2δ
d

DGB (4)

This equation demonstrates that as grain size decreases, the contribution of grain
boundary diffusion to De f f increases. In the present study, samples buffed with 40-grit
abrasive (B1) exhibit a higher density of grain boundaries compared to 60-grit (B2), resulting
in enhanced diffusion rates for Cr and Mn.

The presence of oxygen in the backing gas accelerates oxidation kinetics by increasing
the driving force for Cr diffusion towards the surface [57]. The flux of chromium (Cr)
along grain boundaries can be estimated using the flux ratio equation, where JGB

JL
is the flux

ratio [58]:
JGB
JL

=
2δGB

dL

(
DGB

DL

)0.5
(5)
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According to Kim et al. [57], the flux ratio in stainless steel is approximately 4%
for coarse-grained (27 µm) structures. However, for finer grains, this ratio increases by
approximately 8% to 12%, meaning that the effective diffusion through grain boundaries
becomes more dominant. The calculated values for different grain sizes indicate that as
grain size decreases, Cr flux increases, which promotes the formation of Cr-rich oxides in the
oxidation layer. The preferential oxidation of Cr and Mn over other alloying elements, such
as Fe or Ni, is because they exhibit a stronger affinity for oxygen and form oxides with lower
Gibbs free energy, making them thermodynamically more favorable for oxidation [59].

The depletion of Cr and Mn adjacent to grain boundaries reflects their thermodynamic
preference for oxidation, forming Cr2O3 and MnO, both characterized by low Gibbs free
energies of formation. These elements segregate toward boundaries during thermal expo-
sure, where accelerated boundary diffusion at elevated temperatures produces localized
depletion zones in the matrix [60].

As shown in Figure 16, this setup enabled observation of early-stage oxidation while
preserving thin oxides and grain boundary contrast. The maps reveal oxygen enrichment
behind the grain boundaries and Cr accumulation along them, with corresponding oxygen
depletion at the boundaries.

 

 

Figure 16. Hot-stage (800 ◦C) surface maps: (a) SEM (grain boundaries); (b) O; (c) Cr; (d) line profile
across a grain boundary.
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The localized build-up of chromium at grain boundaries is attributed to the rapid
diffusion that occurs along grain boundaries, far exceeding the rate of lattice diffusion
at high temperatures [61]. Chromium migrates toward the boundaries, reacting with
oxygen to form Cr2O3, a dense and protective oxide [59,62]. Chen et al. [63] showed that
in 254SMo, ultrasonic strengthening grinding converts the near-surface into a high-defect,
grain boundary–rich layer (via recrystallization), shifting Cr transport from slow lattice
diffusion in the coarse-grained, unground weld to fast grain boundary diffusion, which
promotes the early formation of a denser Cr2O3. This enrichment of chromium at the grain
boundaries results in oxygen consumption for oxide formation, thereby leading to a notable
reduction of oxygen concentration in those regions [57].

Behind the grain boundaries, the elemental maps show a notable enrichment of
oxygen. This was attributed to the diffusion of oxygen into the material’s bulk during the
high-temperature exposure. However, in these regions, the availability of Cr is limited
due to its preferential segregation to the grain boundaries, as seen in the microstructural
analysis of the subsurface layers, reported in Figure 16. The Cr-depleted zones beneath
the surface observed in Figure 16 further contribute to the inability of oxygen to form
Cr oxide in these regions. Consequently, oxygen enrichment occurs in areas behind the
grain boundaries where no protective oxide formation can occur, leading to potential
vulnerability to localized oxidation or corrosion.

Figure 17 compares surface oxidation 1 mm from the fusion line under 5000 ppm O2

for the two buffing conditions. The 40-grit (B1) sample exhibits a significantly thicker oxide
(~4.19 ± 0.40 µm), consistent with its rougher surface and higher density of high-energy
sites that promote oxidation. Conversely, the 60-grit (B2) sample develops a thinner oxide
(~ 2.43 ± 0.23 µm), reflecting a more uniform element distribution and fewer preferential
oxidation sites. Lower misorientation and reduced grain boundary density in B2 restricted
oxidation, producing a thinner, more homogeneous oxide [57]. Ji et al. [64] similarly
reported that higher roughness in 304 SS promotes thicker, porous oxides, whereas polished
surfaces yield thinner, compact films.

Figure 17. SEM images of surface oxidation at 1 mm from the fusion line under 5000 ppm oxygen
condition with different buffing conditions: (a) B1, (b) B2.

Previous studies have further clarified how grain size influences corrosion behav-
ior. Zhao et al. [31] found that reducing austenite grain size in metastable stainless
steel enhances corrosion resistance by lowering corrosion current density and increas-
ing polarization resistance. Similarly, Fattah-alhosseini et al. [65] found that finer-grained
AISI 430 stainless steel exhibited lower polarization resistance due to higher point de-
fect density in the passive film, affecting its passivation stability. Additionally, studies
by Balusamy et al. [32] and Wang et al. [33] highlighted that surface nano-crystallization
can either enhance or deteriorate corrosion resistance, depending on the microstructural
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changes induced by grain refinement. In 316L, surface mechanical attrition treatment
(SMAT) initially reduces corrosion resistance due to defect introduction but improves
stability after annealing [34]. Moreover, Wang et al. [35] reviewed the general influence of
grain refinement on pitting corrosion and found that increasing grain boundary density
can facilitate passive film formation, thereby improving resistance to localized attack. How-
ever, in certain cases, grain refinement increases the number of active sites for localized
dissolution, making the material more susceptible to pitting corrosion under aggressive
conditions [36]. These findings highlight the complex interplay between grain structure,
passive film stability, and localized corrosion resistance.

3.4. EIS Analysis

The EIS results, represented in Nyquist (Figure 18a), Bode (Figure 18c), and phase
angle (Figure 18d) plots, combined with the equivalent circuit fitting parameters, offer
important insights into how surface roughness and oxygen concentration influence the
corrosion resistance of welded AISI 316L stainless steel. (Figure 18, Table 4). The equivalent
circuit used for fitting the EIS data is based on similar models reported previously in the
literature [64] and includes the following parameters, as shown in Figure 18b: Rs (solution
resistance) represents the resistance of the electrolyte solution. Rct1 and Rct2 (Charge
Transfer Resistance) represent the resistance to charge transfer at the electrode/electrolyte
interface. In the present study, Rct1 corresponds to the initial oxidation process, while Rct2 is
linked to the behavior after the oxide layer has formed. The CPE (Constant Phase Element)
models non-ideal capacitance behavior resulting from surface roughness, heterogeneity, or
defects in the oxide layer, and α is the exponent in CPE.

 

 

Figure 18. (a) Nyquist plots (B1 and B2); (b) equivalent circuit used for fits; (c) Bode magnitude;
(d) phase angle vs. frequency.
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Table 4. Fitted EIS parameters for (B1) and (B2) samples at 500 ppm and 5000 ppm oxygen concentrations.

Parameter CPE1 (µs◦/Ω) α CPE2 (µs◦/Ω) α Rs (Ω) Rct1 (Ω) Rct2(Ω) X2

500B1 236.35 ± 38.84 0.86 ± 0.01 2962.53 ± 479.05 0.5 ± 0.01 3.30 ± 0.01 1195.47± 318.18 6.57 ± 3.2 0.049 ±
0.042

5000B1 310.67 ± 0 0.84 ± 0.06 7427.93 ± 56.7 0.5 ± 0.03 3.60 ± 1.12 999.49 ± 98.55 4.55 ± 2.06 0.0039 ±
0.003

500B2 563.2 ± 151.25 0.85 ± 0.03 3443.84 ± 56.66 0.62 ± 0.01 3.83 ± 0.43 534.51 ± 150.97 1.34 ± 0.2 0.0077 ±
0.003

5000B2 692.58 ± 136.83 0.83 ± 0.06 7039.1 ± 44.66 0.5 ± 0.01 3.47± 0.95 344.81± 34.25 3.31 ± 10.40 0.0054 ±
0.002

The Nyquist plots indicate that the 40-grit condition (B1) exhibits larger semicircles
than B2 at both oxygen levels, indicating higher interfacial resistances. Quantitatively,
Rct1 decreases from 1195.47 ± 318.18 Ω (500B1) to 534.51 ± 150.97 Ω (500B2); and from
999.49 ± 98.55 Ω (5000B1) to 344.81 ± 34.25 Ω (5000B2). Thus, the rougher surface develops
a more resistive interfacial layer—consistent with the thicker oxides observed in Figure 17.

The Bode impedance magnitude plots and phase angle plots further support the
Nyquist plot observations. The impedance magnitude for 40-grit (B1) is consistently higher
than that for 60-grit (B2) across the frequency range, especially at 500 ppm. The higher
impedance reflects better barrier properties in B1 samples. The phase angle plots reveal
that B1 samples maintain a higher phase angle at intermediate frequencies compared to B2.
At 5000 ppm oxygen, the impedance magnitude and phase angle drop for both B1 and B2
samples, but B1 still exhibits better performance. This reduction in performance at higher
oxygen levels was attributed to the formation of porous and less protective oxide layers,
which are less effective at preventing corrosion.

As shown in Table 4, CPE1 values increase with both increasing oxygen content and
decreasing surface roughness. For instance, CPE1 for 500B1 is 236.35 ± 38.84 µs◦/Ω and
increases to 563.2 ± 151.25 µs◦/Ω in 500B2, and to 692.58 ± 136.83 µs◦/Ω in 5000B2. The
corresponding α values slightly decrease, from 0.86 ± 0.01 in 500B1 to 0.83 ± 0.06 in 5000B2,
indicating more non-ideal capacitive behavior and higher surface heterogeneity in smoother
or more oxidized samples. CPE2 also increases significantly with oxygen content, partic-
ularly in B1 samples—from 2962.53 ± 479.05 µs◦/Ω at 500 ppm to 7427.93 ± 56.7 µs◦/Ω
at 5000 ppm—confirming that the oxide layers formed at higher oxygen levels are more
porous and less protective. This is consistent with the reduction in both Rct1 and Rct2
values under these conditions. An effective way to assess corrosion resistance is through
the analysis of polarization resistance. This parameter, which is the sum of charge transfer
resistances (Rtotal = Rct1 + Rct2), serves as an indicator of a material’s ability to withstand cor-
rosive environments—with higher values reflecting enhanced resistance to corrosion [66].
Among the samples, 500B1 (1202.04 Ω) exhibits the highest total resistance (Rtotal), while
5000B2 (348.12 Ω) shows the lowest.

As shown in Figure 18c,d, higher oxygen content (5000 ppm) reduces corrosion re-
sistance for both buffing conditions. This is evident in the reduced Rct2 values, lower
impedance magnitudes, and lower phase angles. This behavior could be related to the
formation of more porous oxide layers with increasing oxygen levels, as reported in the
literature [3,44]. The porous layer reduces the protective properties of the surface, leading
to increased susceptibility to corrosion.

3.5. Analysis of the Pitting Corrosion

Figure 19 and Table 5 present the cyclic polarization curves and key parameters for
samples prepared with 40-grit (B1) and 60-grit (B2) buffing at oxygen concentrations of
500 ppm and 5000 ppm. These results are analyzed in conjunction with the EIS data to
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provide a more comprehensive understanding of how pitting corrosion resistance varies
with surface roughness and oxygen level.

Figure 19. Cyclic polarization curves for different surface roughness levels with two oxygen contents
in the backing gas: (a) 500 ppm, (b) 5000 ppm.

Table 5. Corrosion parameters from cyclic polarization curve of 316L SS with varying oxygen content
and surface roughness.

Parameter I Pitt
(µA)

E Pitt
(V)

I Passive
(µA)

E passive
(V)

I Repassive
(µA)

E Repassive
(V)

Hysteresis
Loop Area

(W)

500B1 234 ± 16 0.48 ± 0.02 271 ± 24 0.07 ± 0.01 379 ± 1 0.07 ± 0.01 1.26 ± 0.00

5000B1 251 ± 14 0.50 ± 0.01 251 ± 19 0.08 ± 0.01 483 ± 3 0.05 ± 0.01 1.33 ± 0.05

500B2 253 ± 55 0.48± 0.00 257 ± 27 0.03 ± 0.01 429 ±11 0.06 ± 0.02 1.15 ± 0.11

5000B2 409 ± 37 0.53 ± 0.02 461 ± 89 0.13 ± 0.02 748 ± 71 0.1 ± 0.01 1.12 ± 0.01

At 500 ppm oxygen, the pitting current density for B1 is 234 ± 16µA, which is slightly
lower than 253 ± 55µA for B2 with the same pitting potential (0.48 V). This suggests
that B1 samples, with a rougher surface, exhibit better initial resistance to pit initiation.
However, when considering repassivation behavior, the 60-grit B2 samples show superior
performance. The repassivation current density for B2 is 429 ± 11µA, significantly higher
than 379 ± 1µA for B1, indicating better recovery from localized corrosion events in B2. The
hysteresis loop area for B2 (1.15 A. V) is also smaller than that of B1 (1.26 A. V), indicating
lower energy loss during pit repassivation and more stable pit recovery.

At 5000 ppm oxygen, the B1 samples exhibit ipitt 251µA, which is lower than
409 ± 37µA for B2, while B2 has 0.53 ± 0.02 V pitting potential, which is higher than
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0.50 V for B1, indicating better resistance to pit initiation for B1. However, the repassivation
behavior remains superior for B2. The repassivation current density for B2 is 748 ± 71 µA,
higher than that for B1 (483µA). The hysteresis loop area for B2 (1.12 A. V) is smaller than
that of B1 (1.33 A. V), indicating better pit recovery and overall stability for B2.

These results reveal a distinct contrast between the initiation and propagation stages
of pitting corrosion. While B1 samples demonstrate better resistance to pit initiation (lower
ipitt) due to their thicker oxide layers and higher grain boundary density, which act as an
initial barrier against pit formation, they are more prone to pit propagation and exhibit
poorer repassivation performance. This difference stems from the Cr and Mn depletion
along grain boundaries in B1, as evidenced by EBSD and elemental mapping results. Grain
boundaries are high-energy zones with increased atomic diffusivity, making them more
reactive during oxidation. During welding, elements such as Cr and Mn, which have a
strong affinity for oxygen, migrate toward these boundaries and form oxides (Cr2O3 and
MnO) [67]. Consequently, adjacent matrix regions become depleted in these elements,
creating weakened areas that facilitate pit propagation once corrosion initiates.

On the other hand, B2 samples, with smoother surfaces, have fewer grain boundaries
near the surface. This results in a more stable passive film and better repassivation capa-
bilities, as reflected in the smaller hysteresis loop area and lower irepassive. The smoother
surface of B2 facilitates more effective repassivation, reducing the likelihood of pit growth.

The superior pitting corrosion resistance of the 500 ppm samples compared to the
5000 ppm samples can be clearly observed from the polarization curves. The 500 ppm sam-
ples exhibit a lower pitting current density and a more positive pitting potential, indicating
that higher energy is required for pit initiation and propagation. These features are indica-
tive of a more stable passive layer, providing better protection against localized corrosion.

Conversely, the 5000 ppm samples exhibit elevated pitting current density, which is
linked to the formation of a porous oxide layer. This porous structure facilitates the ingress
of chloride ions into the substrate, thereby increasing susceptibility to localized corrosion.
The porous nature of the oxide layer disrupts the uniformity and stability of the passive
film, leading to easier pit initiation and faster propagation of localized corrosion.

The correlation with EIS results further supports these interpretations. The higher
overall impedance measured for B1 reflects its thicker, more resistive oxide layer formed
on the rougher surface. However, the cyclic polarization data show that despite higher
impedance, localized corrosion resistance is superior in B2, which repassivates more ef-
ficiently once pits form. Therefore, while rougher surfaces (B1) provide stronger initial
resistance to pit initiation, smoother surfaces (B2) demonstrate better repassivation and
long-term stability against localized corrosion.

Finally, since the oxide layer was intentionally preserved during corrosion testing,
the exact pit locations and propagation features could not be directly observed. The
discoloration layer served as a protective oxide, preventing direct visualization of pit
initiation and growth, and thus the corrosion behavior was evaluated indirectly through
electrochemical analysis.

Following the comprehensive EIS analysis in Section 3.4, which revealed clear differ-
ences across roughness and oxygen content, Section 3.5 examines corrosion behavior via
cyclic polarization. With the oxide left intact, surface finish affects corrosion differently
at initiation versus growth: EIS shows the smoother surface B2 (60-grit) has lower Rct

and thus lower resistance to pit initiation, while the rougher B1 (40-grit) exhibits higher
barrier properties. In contrast, the polarization data confirms that the smoother B2 limits pit
growth and more readily repassivates smaller hysteresis, whereas the rougher B1 permits
deeper propagation once initiation occurs.
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4. Conclusions
In the present work, an investigation was conducted on the combined effects of surface

roughness and oxygen content in the purging gas on the pitting corrosion resistance of
AISI 316L stainless steel welds without removing the oxides. The results provide important
insights into the role of oxide layer characteristics and surface morphology in influencing
the material’s corrosion behavior. The key findings are summarized as follows:

1. Surface buffing significantly affected the misorientation of grains and recrystalliza-
tion after welding. Higher misorientation levels were observed for the rougher
surface, while the smoother surface exhibited a more uniform misorientation with
lower values.

2. Chromium (Cr) and manganese (Mn) depleted zones were revealed along the grain
boundaries. The Cr-Mn oxide layer was thicker on the rougher surface. This thicker
oxide layer offers initial resistance to corrosion.

3. Surface roughness significantly affects corrosion resistance, with smoother surfaces
exhibiting lower pitting corrosion resistance compared to rougher surfaces. However,
smoother surfaces demonstrated better pitting propagation resistance. The findings
are explained in terms of the smoother surface’s lower grain boundary density, which
helps prevent initiation of localized corrosion, though it does not prevent the develop-
ment of deeper pits once they have formed.

The oxygen content in the purging gas strongly influences the oxide layer properties
and corrosion resistance. Samples welded with 500 ppm oxygen demonstrated superior
pitting resistance compared to those welded with 5000 ppm oxygen. In samples welded
with 5000 ppm oxygen, reduced pitting corrosion resistance was observed due to the
porous oxide structure and increased oxidation in surface defects, such as micro-holes
formed during metal forming. These defects act as pathways for aggressive ions, promoting
localized corrosion and pit propagation.

The findings of the present work suggest that optimizing oxygen content and surface
preparation techniques are essential for improving the discoloration severity and corrosion
resistance of welded joints in industrial applications. Future work will map intermediate
purge-gas oxygen content between 500 and 5000 ppm.

Industrial perspective: For inner-surface welds where discoloration remains, keep
purge oxygen ≤ 500 ppm to limit porous oxides and preserve pitting resistance. Smoother
preparation where repassivation matters is preferred—a rougher surface can raise initiation
resistance but tends to favor faster pit growth.
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