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Abstract

Stainless steels are widely used for their corrosion resistance, yet field failures
demonstrate that meeting nominal specifications and datasheet values does
not guarantee reliable performance. This paper reviews industrial case studies
from food processing, desalination, chemical, and petrochemical sectors,
where corrosion and cracking were traced to metallurgical and environmental
interactions—such as low molybdenum in 316, nitrogen deficiency in duplex
grades, weld sensitization, and sigma-phase formation. Key metallurgical
thresholds (see Section 6) including Mo, N, C limits and PREN criteria and
elemental synergies are proposed as practical selection criteria. The study re-
frames stainless-steel selection as both a technical and management challenge,
offering a mechanism-based framework to improve procurement and man-
agement decisions. By integrating metallurgical insight with operational real-
ities, this work aims to prevent a significant portion of stainless-steel failures.
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1. Introduction

Stainless steels are often the default choice for corrosive service in the process in-
dustries, prized for their ability to form a stable, self-healing chromium oxide film.
However, this corrosion resistance is conditional—governed by alloy composi-
tion, microstructure, fabrication quality, and local environmental factors. Field
experience shows that engineers often specify materials by nominal grade (e.g.,
304, 316, 2205), relying on datasheets and general service conditions without con-

sidering elemental thresholds or synergistic interactions.
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As a result, failures continue to occur across food, desalination, chemical, and
petrochemical facilities. These failures often stem from insufficient metallurgical
understanding during specification. Once in service, even minor deviations in
composition or environment can trigger localized corrosion, pitting, sensitization,
or stress corrosion cracking phenomena not predicted by datasheets or design
codes.

This paper examines how subtle metallurgical and environmental variations
contribute to real-world stainless-steel failures. It reframes material selection as
both a technical and managerial issue, integrating metallurgical criteria into pro-
curement and design workflows. Through case studies and industrial data, the pa-
per proposes a mechanism-based selection framework to reduce future failures

and improve asset reliability.

2. Background: Failure Mechanisms and Economic Impact

2.1. Overview of Stainless-Steel Failure Mechanisms

Although stainless steels are renowned for corrosion resistance, field evidence
shows that service failures arise when design or operation are unsuitable for basic
metallurgical limits. Typical degradation modes include:

o Pitting and Crevice Corrosion—Localized breakdown of the passive chro-
mium-oxide film in environment conditions like chloride containing, oxygen
depletion or stagnant solutions.

e Intergranular Corrosion—Chromium depletion along grain boundaries due to
carbide precipitation during welding or improper heat treatment.

e Stress Corrosion Cracking (SCC)—Interaction of tensile stress, elevated tem-
perature, and chloride activity that produces branched transgranular and in-
tergranular cracks.

¢ Microbiologically Influenced Corrosion (MIC)—Biofilm growth that creates
oxygen-differential cells and locally acidified zones.

¢ High-Temperature Degradation—Sigma-phase embrittlement, oxidation, or
carburization in mixed oxidizing/reducing atmospheres.

Each mechanism links directly to metallurgical factors such as chromium, mo-
lybdenum, and nitrogen levels; carbon control; and the alloy’s ability to maintain
passivity.

Across peer-reviewed and industry sources, CI-SCC [1]-[3] emerges as the most
prevalent and damaging failure mode in stainless-steel equipment within chlo-
ride-bearing chemical environments. Pitting and crevice corrosion [4] [5] fre-
quently serve as precursors to SCC, while MIC [6] [7] contributes significantly in
aqueous and cooling circuits. Fabrication and design-related issues amplify these
mechanisms by introducing local stress, sensitization, or crevices.

Although precise statistical data vary with plant type and service, the collective
literature implies the following qualitative distribution for stainless-steel failures
in process industries [1] [3]:

SCC ~ 40% - 60% | Pitting/Crevice ~ 20% - 30% | MIC ~ 10% - 15% | Others < 15%
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These ranges represent engineering consensus and case-study aggregation ra-
ther than a global numerical survey. Nonetheless, SCC, Pitting/Crevice contrib-

uted to majority of the failures.

2.2. Metallurgical Sensitivity

The protective film’s stability depends on alloy chemistry and microstructure:
chromium and molybdenum govern film formation and re-passivation rate;
nickel stabilizes the austenitic phase and improves SCC resistance; nitrogen in-
creases both strength and pitting potential in duplex grades. When any of these
are at the low end of specification or in adequate synergistic combination or when
fabrication introduces sensitization, the alloy behaves more like a mid-range
stainless steel than a premium grade. Thus, failures often trace not to the family

chosen but to inadequate chemical margin within that grade.

2.3. Economic Impact

Global corrosion costs are estimated at 3% - 4% of GDP [8], with process indus-
tries accounting for about USD 96.1 trillion in 2021. In USA alone, ~USD 300 bil-
lion loss are attributed to corrosion in process industry [9]. Within this, stainless-
steel failures represent a significant share because of their prevalence in heat ex-
changers, piping, and reactors. Beyond material loss, the secondary impacts—
unplanned shutdowns, contamination, and reputational damage—are dispropor-
tionately high. Each failure also erodes confidence in stainless steels as “fit-and-

forget” materials, leading to costly over-specification in subsequent projects.

2.4. Need for Applied Understanding

PREN (often written as PRE, PERN, or Pitting Resistance Equivalent Number) is
an empirical alloy design index used to estimate the resistance of stainless steels
and related alloys to pitting corrosion derived from chemical composition—espe-
cially in chloride-containing environments like seawater or process brines. The
higher the PREN value, the greater the alloy’s resistance to pitting and crevice
corrosion.

Despite extensive literature on corrosion science, plant-level decision-making
still relies mainly on tabulated limits and PREN values. The gap lies in applying
metallurgical knowledge to practical environments: under-deposit zones, stag-
nant pockets, temperature excursions, and weld heat-affected regions. Bridging
this gap requires a framework that couples metallurgical fundamentals with oper-
ational realities, ensuring that material selection anticipates not only nominal ser-

vice but also micro-environmental extremes [4].

3. Metallurgical Fundamentals and Operational Factors
3.1. Role of Alloying Elements

The synergy among chromium, molybdenum, nitrogen, and nickel governs pas-

sive film stability and re-passivation. Chromium establishes passivity; molyb-
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denum enhances its resilience in chloride and reducing conditions; nitrogen in-
creases both mechanical strength and pitting resistance in duplex grades and
raises pitting potential by increasing the local pH at passive film rupture sites.
Nickel provides phase stability and improves resistance to stress corrosion crack-
ing. Balanced Cr-Mo-N chemistry ensures that duplex and high-performance aus-
tenitic grades retain both passive film strength and mechanical integrity under

oxygen depleted conditions.

3.2. Microstructure Stability

Microstructure governs how the alloy responds to thermal cycles and corrosive

exposure:

o Austenitic grades (e.g., 304, 316, 254 SMO) are fully FCC and non-magnetic,
offering high ductility and toughness, but can sensitize readily if carbon or heat
input is not controlled.

e Duplex grades (e.g., 2205, 2507) combine ferrite (BCC) and austenite (FCC)
phases in roughly equal balance. The duplex structure resists SCC and yields
high strength but requires controlled heat input to avoid ferrite excess or
sigma-phase precipitation.

e Ferritic and Martensitic grades are stronger but less corrosion-resistant and
may undergo embrittlement through sigma-phase formation at 600°C - 950°C.

Maintaining microstructural balance during fabrication is as critical as the ini-

tial alloy choice.

3.3. Passivity, Film Breakdown, and Re-Passivation

The hallmark of stainless steels with Austenitic structure is the formation of a thin,
adherent, self-healing chromium oxide (Cr,O;) film on their surface, typically 1-
5 nm thick, giving stainless steel its resistance against corrosion. The protective
Cr,0s film relies on oxygen availability. In well-aerated conditions, the film is self-
healing; however, under deposits, insulation, or sleeves where oxygen diffusion is
limited, the potential drops below the passivation threshold, allowing localized
breakdown. Local acidification and chloride enrichment accelerate film break-
down, producing pits or crevice attack.

Molybdenum and nitrogen resist this breakdown process by strengthening the
passive film and increasing the critical pitting temperature [10] [11]. By nature of
the microstructure and chemical composition, duplex grades often exhibit better
recovery because micro-galvanic coupling between ferrite and austenite provides
localized cathodic support that resists breakdown and promotes re-passivation—

an advantage not available to single-phase austenitic steels [12].

3.4. Welding and Fabrication Effects

Improper welding can negate the alloy’s inherent advantages. High inter-pass
temperature or slow cooling promotes carbide and nitride precipitation in aus-

tenitic grades and phase imbalance in duplex steels. The selection of appropriate
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filler metals is equally critical; matching or slightly over-alloyed (except carbon)
weld consumables help maintain phase balance and pitting resistance across the
joint and to prevent effect of dilution. Recommended practices include:
o Use of low-carbon (L) & stabilized grades when welding.
e Limiting inter-pass temperature < 120°C for 304/316 series.
¢ Solution annealing and rapid quenching after heavy welding to dissolve car-
bides and restore corrosion resistance.
¢ Post-weld pickling is required to remove heat-tint oxides that act as initiation
sites for corrosion.
Without these controls, even a correctly selected alloy can fail prematurely

through sensitization or heat-tint pitting

3.5. Operational Factors

Operational variables frequently override nominal alloy limits including:
e Temperature excursions above design cause phase changes and oxide instability.
e Deposits and stagnant flow create oxygen-deprived micro-zones.
¢ Chloride concentration multiplies under evaporation or local heating.
e Mechanical stress interacts with corrosion to accelerate SCC.

Hence, stainless steel selection must integrate both metallurgical thresholds and
service environment. The alloy should not only withstand the “average” condition
but remain stable during localized extremes such as start-up, shutdown, or fouling

episodes.

4. Methodology: Case Studies and Metallurgical Analysis

The author’s investigation over several decades shows that most stainless-steel
failures stem from limited understanding of corrosion mechanisms and of how
metallurgical variables interact with operating environment.

Four representative cases are summarized below; each demonstrates how seem-

ingly minor oversights in specification or design led to major failure.

4.1. Case 1—Sea Water Carrying Heat Exchanger Tubes
Failure [13]

Service: Heat-exchanger tubes operating at 30°C - 50°C in seawater.

Observation: Perforation within four months of service; pinholes initiated be-
neath adherent deposits occur for SMO 254 tubes. There were no failures for SAF
2507 tubes running parallel under the same conditions. Figure 1 shows a perfo-
rated tube made of SMO 254 that failed. Surround the pin-hole were deposits,
most were cleaned away during shutdown hydro-jetting. Figure 2 showed SAF
2507 tube material with no signs of pinholes

Metallography (Figure 3) revealed intergranular attack beneath the deposits,
and Energy-dispersive X-ray spectroscopy (EDX) (Figure 4) confirmed high chlo-
ride (Cl) concentration (Figure 4). Parallel exchanger fitted with duplex SAF 2507

tubes exhibited no pitting, even though some deposits were present.

DOI: 10.4236/wjet.2026.141011

191 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2026.141011

K. T. Leong

Figure 1. Perforated from under deposit corrosion inside SMO 254 tube.

Figure 2. No signs of corrosion inside SAF 2507 tube.

Figure 3. Cross sectional across perforated region in Figure.1 showing intergranular cor-
rosion (200x).

2119x SCALING
fe

Figure 4. EDX on pitted location on SMO 254 tube showed high chloride content among
other Sea Water elements.
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Table 1. Data comparison between 254 SMO and SAF 2507*.

Property 254 SMO SAF 2507
PREN (Cr + 3.3Mo +
~ 43 -45 ~42-45
16N)
Pitting corrosion Excellent < 35°C Excellent <35°C - 40°C
Crevi der-deposit
revice/un e?r eposi Good-Very good Good
corrosion
SCC resistance Excellent (fully austenitic) Very good-risk > 150°C
Moderate (HAZ
Weld corrosion risk Low (,) erate (
imbalance)

* Data adapted from various manufacturer datasheets and published technical sources.

Despite similar PREN values (Table 1), 254 SMO failed sooner because its sin-
gle-phase austenitic structure could not re-passivate once oxygen was depleted.
SAF 2507’s duplex micro-galvanic balance (ferrite-austenite interfaces) sustained
passivity longer. In reducing, chloride-rich crevices, ferrite is less anodic and chlo-
ride diffusion slower, giving the duplex alloy greater tolerance to deposits.

Root Cause: Under deposit causing chloride concentration and poor oxygen
condition resulted in passive film breakdown, pitting and perforation.

Lesson: While PREN predicts ideal passivity, real-world performance depends
on microstructural buffering (see Section 6, Guideline I & Table 4) and adherence

to alloying thresholds [4].

4.2. Case 2—Lone External Crack on Stainless Steel Pipe [14]

Service: Stainless steel grade 316L plant piping operating ~70°C near the seaside.
Observation: The external crack length was much longer (Figure 5) than the
inside (Figure 6). As such, the crack started beneath a plastic sleeve from external.

There were no other sleeves in this pipeline and there were no other cracks found.

Figure 5. Pipe external showing a crack of about 25 mm with corrosion stains.
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Figure 6. Pipe internal, showing a short crack of not more than 5 mm.

Microscopy showed mixed transgranular and intergranular branching cracks
(Figure 7) typical of chloride SCC. Energy-dispersive X-ray spectroscopy (EDX)
detected both Chloride (Cl) and Sulphur (S) on the fracture surface (Figure 8).
The plastic sleeve created a crevice that trapped moisture, concentrated chloride
from a marine coastal location, and excluded oxygen, transforming a normally

safe environment into a reducing, chloride-rich zone.

50x

200x

Figure 7. Mixed of trans-granular and inter-granular cracks.
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Spectrum 1

ull Scale 2415 cts Cursor: 8.005 (27 cts)

Figure 8. EDX on cracked location, showing presence of Cl, S common in marine costal
environment.

Root cause: Loss of oxygen prevented passive film repair. At 50°C - 80°C
and >100 ppm CI~, 316 L is most vulnerable to SCC.

Lesson: Even an adequately alloyed stainless-steel can fail when design details
(sleeves, supports, insulation) create unventilated crevices. Stainless steels must
have access to oxygen to maintain passivity. Reducing environment is not for
stainless steel. Plant location such as industrial area or marine coast should be part

of the design and selection parameters.

4.3. Case 3—Burner Assembly Tip Failure at High Temperature
Section [15]

Service: Vent-gas burner exposed to oxidizing, carburizing, and nitriding gases;
operating about 1000°C.
Observation: Failure within three years due to severe external oxidation and

internal carbide precipitation (Figure 9).

Figure 9. Photo showing failed burner with oxidized surfaces at fracture zone.
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Metallography revealed a thick oxidized layer and coalesced carbide needles in
the austenitic matrix (Figure 10). Energy-dispersive X-ray spectroscopy (EDX)
detected Carbon (C), Oxygen (O), Sodium (Na), Silicon (Si), Sulphur (S), Chro-
mium (Cr), Iron (Fe), and Nickel (Ni) evidence of mixed oxidation and carbon

deposition (Figure 11).

. AD \

- f > o~

% ,ffﬁ 2 %200x

Figure 10. Metallographic on oxidized tip section on the outside with extensive precipita-

tion and coalescence of primary and secondary carbide needles in an austenite matrix just

after the oxidized outer layer.

0
Full Scale 2006 cts Cursor: 3.883 (58 cts)

Figure 11. EDX showed presences of C, O, Na, Si, S, Cr, Fe & Ni. Typical of stainless steel,
oxidation and carbon deposits on the external of fractured surface.

Root cause: Although 310 SS is rated to 1050°C in continuous service, running
at the upper limit left no safety margin for transients such as flame impingement
or carburizing excursions.

Lesson: Temperature ratings are not design targets. Materials chosen for a cer-
tain temperature application must include margin for fluctuation and gas chem-
istry. Moreover, materials data itself are derived from statistical studies that varies
based on the range of chemicals and the process control that each batch of mate-

rial. As such, when reading a data, it is essential to check whether the authors
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provide sample sizes, variability, and confidence in those numbers. If not, treat
those percentages should be taken as approximate rather than precise.

Alternatives for this case can be 253 MA (resistance up to 1100°C) or Ni-based
RA 602 CA (resistance up to 1200°C) offer superior oxide stability. Ultimately,
Ni-based alloy would be the better choice between the two.

4.4. Case 4—HAZ Cracking of 304 Pipeline [16]

Service: CO, pipeline; failure after ~1 year at weld heat-affected zone (HAZ).

Observation: Stress corrosion cracking (SCC) confined to darkened HAZ re-
gions (Figure 12). Metallography on the HAZ showed sensitization with Chro-
mium Carbides (Figure 13).

Top View [16]

Figure 12. Photo of failed component. From the darkened zone
it (I, IIT & IV) can be seen were areas whereby Stress Corrosion
Cracking (SCC) existed in Heat affected Zone followed by final
failure on the bright surface.

Figure 13. HAZ microstructure near failed surface
with presence of Chromium Carbide [16].
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Compositional test using X-ray fluorescent (XRF) analyzers was used to com-

pared cracked and sound sections (Table 2):

Table 2. XRF analysis results.

Element Failed Pipe wt.% Sound Pipe wt.%
Cr 18.19 18.47
Ni 9.79 9.31
Mo 0.00 0.178
C 0.05 0.05

The absence of Mo and elevated C promoted sensitization. Pipes containing
even 0.178% Mo performed better; Mo stabilizes the passive film and delays Chro-
mium Carbide formation.

Root Cause: Welding caused sensitization through chromium carbide for-
mation at grain boundaries, weakening local corrosion resistance. The composi-
tional difference between the failed and sound sections—particularly the presence
of Mo—proved decisive.

Lesson: Fabrication control is as important as alloy choice. Using 304L (C <0.03
wt.%) should be the minimum specification to reduce sensitization risk; however,
the absence of molybdenum in this grade limits its resistance to carbide precipi-
tation and localized corrosion in welded zones. Specifying Mo content in line with
Section 6, Guideline II, and selecting 316L provides a more robust solution—not
merely as a higher-grade alloy, prevents sensitization but because its 2 wt.% - 3
wt.% Mo enhances passive film stability and delays chromium carbide formation
during thermal cycling. This compositional advantage improves both fabrication
tolerance and pitting resistance in service. The sound pipe that did not sensitize
in this case demonstrated the metallurgical benefits of molybdenum, reinforcing

the importance of alloy chemistry control as part of fabrication quality assurance.

4.5. Comparison with Industrial Data

The case studies presented above were compared with operational experiences
and documented failures from similar industrial environments (Table 3) to iden-

tify recurring patterns and metallurgical consistencies.

Table 3. Industrial case studies of in-service stainless-steel failures.

Case
Service

Alloy Observation Root Cause Selection Insight

Use 316L (Mo +

Steam generator 321SS Pitting & SCC Sensitization and poor low C <0.02%).
ittin
(feedwater/steam) [17] (X6CrNiTi18-10) & water chemistry Proper Welding
control
Desalination plant (heat 316 SS (Mo 2.1 . . . . Mo >wt.2.6%,
Crevice, Pitting, MIC Low Mo, insufficient PREN
exch.) [18] wt.%) PREN >40

Require N >0.15
Chemical plant piping [19] Duplex 2205 Brittle cracking N deficiency > ferrite-rich q W%k
.70
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Continued

Distillation column welds
[20]

Furnace Tubes [21]

Petroleum stripper trays
(22]

Seawater [23]

410S SS

. Sensitization (C-Cr C <0.03 wt.% or
304 SS Intergranular corrosion . .
carbides) stabilized grades
Control Cr-M
Ferritic SS Embrittlement Sigma Phase from Cr-Si ontrot r-Ato
Balance
Us Mo >2.5 wt.%
Localized corrosion & Sulfide attack (NH,HS), Cr- s ?
11 thinnin depleted zones grades (316L or
wa
& P duplex SS)
Crevi ion & PREN 240,
316 SS revice corrosion O, depletion, stagnant flow )
MIC* design for flow

*MIC should be resolved by water cleanliness and/or increasing in flow rate.

The purpose of this comparison is to consolidate the observed case findings
with broader industry experience, establishing a factual basis for the discussion

and interpretation that follows.

5. Discussion: Systemic Weaknesses and Lessons Learned
5.1. Key Observations from the Case Studies & Industrial Data

The four case studies demonstrate that stainless-steel failures rarely arise from in-
correct material families. Instead, they occur when materials are selected by grade
name or datasheet value without linking metallurgical behaviour to localized ser-
vice conditions. Common patterns include:

1) Oxygen deprivation—Under-deposit or sleeved zones deprive the passive
film of oxygen, leading to rapid breakdown even in high-PREN alloys.

2) Operation at the material limit—Running 310 SS exactly at its 1050°C rating
ignored temperature cycling and gas chemistry variations. Data at 1050°C itself is
only a statistical mean value.

3) Chemical margin neglect—Alloys procured below the thresholds defined in
Section 6 (Guidelines II-IV) often underperform.

4) Fabrication influence—Improper welding of 304 without carbon or Mo con-
trol caused sensitization, erasing the alloy’s corrosion advantage.

The lesson is that datasheet adequacy # field reliability. Failure results from the
gap between theoretical design environments and micro-environments formed
during actual operation.

Industrial reports show similar patterns (see Table 3). Pitting in generator
(321), crevice corrosion in desalination (316 Mo = 2.1 wt.%), and cracking in 316
seawater lines all reveal insufficient Mo or oxygen access. In each case, the alloy
nominally met standards but fell short under real service conditions.

Likewise, weld failures in distillation columns and pipelines mirror the sensiti-
zation observed in Case 4, confirming that fabrication controls are as critical as
alloy choice.

Across sectors, these observations expose a persistent shortfall in how industry
interprets metallurgical data. The use of PREN as a universal corrosion index en-

courages false confidence; PREN assumes full passivity and oxygen availability,
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which may not hold in micro-environments (see Section 6, Guideline I) [4].

5.2. Root Weaknesses in Current Practice

Causes of failure can be a very long list. However, as in Para 2.1, a significant
majority of failures for stainless steel could have been prevented through better
selection process and an in-depth review of the chemical composition and metal-
lurgical behaviour of stainless steel in relation to the operating environment.

a) Specification by grade name, not by chemistry or microstructure. Alloy
ranges permit wide variation; purchasing “304” or “316” without defining mini-
mum Mo, N, or maximum C will reduce corrosion resistance and increase the risk
of failure.

b) Lack of safety margin and Data Interpretation. Designers treat temperature
and chloride limits as absolute rather than as boundaries needing safety allowance.
The lack of appreciation that published standard data are statistical based and not
a straightforward one value application.

¢) Micro-environment blindness. Deposits, sleeves, and insulation create crev-
ices far harsher than the bulk environment, yet rarely appear in design checks.

d) Fabrication disconnect. Welding, pickling, and cleaning are often delegated
to contractors without explicit metallurgical control, introducing sensitization or
sigma-phase risks.

Each weakness reflects not a lack of technology, but a lack of integration be-

tween metallurgy, design, and operation.

5.3. Integration of Metallurgy into Management Systems

The recurring failures outlined in this study reveal that stainless steel reliability is
not solely a matter of alloy selection, but of how metallurgical knowledge is em-
bedded-or omitted-from broader engineering and procurement systems. Material
performance hinges on decisions made across multiple departments: design teams
that overlook micro-environmental risks, procurement units that default to min-
imum-cost specifications, and fabrication contractors operating without metal-
lurgical supervision. These are not isolated technical oversights but systemic pro-
cess gaps. Bridging them requires a shift from reactive failure analysis to proactive
integration of metallurgical criteria into specification protocols, vendor qualifica-
tion, and quality assurance workflows. In this sense, stainless steel selection be-
comes a cross-functional responsibility, not just a materials engineering task.

At the project phase, engineering teams are often not directly involved in plant
operations and may therefore lack detailed practical experience related to service
environments. This limitation can be mitigated through the inclusion of experi-
enced asset integrity personnel with expertise in materials engineering, corrosion,
and inspection, as well as representatives from maintenance and operations. Es-
tablishing regular cross-functional review meetings between these disciplines not
only helps identify material selection gaps but also provides valuable insight into

operational variability, process upsets, and maintenance-related risks that may
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create unforeseen conditions during service. To institutionalize this approach, or-
ganizations should embed metallurgical and corrosion reviews early in the project
workflow—particularly during design and procurement phases. This can be
achieved by implementing revised material selection checklists, enforcing mini-
mum alloy chemistry verification (e.g., Mo, N, and C thresholds) during procure-
ment, and incorporating corrosion and materials specialists in design and vendor

document reviews.

6. Towards a Mechanism-Based Selection Framework—
Practical Selection

Building on the failure mechanisms and systemic gaps identified in Section 5, the
following guidelines offer a mechanism-based framework for stainless-steel selec-
tion to reduce the risk of stress corrosion cracking, pitting, and crevice corrosion,
and to assist engineers in making more informed material choices.

I. Prioritize PREN Over Nominal Grade [4]

a) Always calculate PREN: PREN = %Cr + 3.3 X %Mo + 16 x %N.

b) Specific minimum PREN that is suitable for the application.

¢) Recommended minimums: brackish water >25; seawater/stagnant >40; off-
shore >45.

II. Mo Content in Austenitic (316/317/904L)

a) Spec range: 316 SS (2.0 wt.% - 3.0 wt.% Mo).

b) Mo content should be >2.5 wt.% for pitting and chloride rich environment.
If temperature and chloride content increases beyond normal sea water, consid-
eration should be given to increasing Mo and Cr content.

¢) Recommendation: >2.5 wt.% Mo for seawater service [24].

II1. Nitrogen in Duplex Steels (2205, 2507)

a) For 2205: >0.15 wt.% N ensures balanced ferrite-austenite [19].

b) For 2507: 20.24 wt.% N recommended.

Nitrogen, N, provides a balanced ferrite-austenite structure (50% - 50%) en-
sures synergistic performance—combining strength, ductility, corrosion resistance,
and weldability. For corrosion purpose
e When ferrite exceeds ~60%, nitrogen and nickel partitioning decline—leading

to lower austenitic PREN and increased pitting susceptibility.
o Conversely, if ferrite drops below ~40%, strength decreases and susceptibility
to SCC increases.

IV. Carbon Control in Austenitic

a) Limit C to <0.03 wt.% (L grades) to prevent sensitization. Include Mo for
further risk reduction.

b) Use Ti- or Nb-stabilized grades when welding unavoidable.

V. Chromium + Molybdenum Balance

a) Avoid Cr >25 wt.% without Mo >3 wt.% in ferritic/duplex to reduce sigma-
phase risk [25].

VI. Microstructural Considerations
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a) Benefits of micro-galvanic coupling as in Duplex [26].

b) Microstructure influenced Corrosion resistance within Stainless steel group:

Table 4. Microstructural contribution to corrosion resistance among stainless steel families
##2[4] [27] [28].

Family Uniform Pitting/Crevice SCC Intergranular

Ferritic M M E G (low C)
Martensitic P P P P
Austenitic E G-VG if Mo/N adequate P-M Variable

Duplex E E E G

#1: This is only for comparison. It reflects relative corrosion resistance advantages attribut-
able to microstructural characteristics under similar service conditions. Its only one of the
factors that can be considered. #2: MIC (Microbiologically Influenced Corrosion) is pri-
marily environment-driven; microstructure has limited influence. Resistance depends
mainly on surface condition, flow dynamics, and fluid chemistry, rather than alloy family.
E—Excellent, H—High, M—Moderate, G—Good, P—Poor, V—Very.

Table 4 is only a comparative advantage between different microstructure. All
things equal, the microstructure provides an advantage. For example, Type 446
ferritic stainless steel (26% Cr) demonstrates better uniform corrosion resistance
than 304 SS in boiling 65% nitric acid [4] despite ferritic is moderate and austen-
itic is excellent in Table 4. Case 1 would be an example of both Austenitic and
Duplex having the same PREN. The Austenitic grade failed and Duplex survived
due to micro-galvanic support in ferrite-austenite microstructure. The advantage
of microstructure should have been taken into consideration.

VII. Avoid Low-End Specs

a) Procurement must require certified minimal.

b) Example 316 22.6 wt.% Mo, or 2205 20.16 wt.% N.

In addition to the above, another critical consideration should be inter-chemi-
cal element synergies. The suggested minimum values are given below and they
should be increases based with increasing concentration of corrosive elements and
temperature.

A) Cr-Mo synergy: 218 wt.% Cr + 22.5 wt.% Mo for chloride resistance to pit-
ting and crevice. Mo stabilizes the film and re-passivation process.

B) Ni-N synergy: Austenitic stability need >8% Ni + 20.12% N; duplex >0.15%
N (balance of 50% - 50%).

C) C-Cr balance: <0.03 wt.% C prevents sensitization.

D) Cr-Si high-temp control: Si <0.75 wt.% in Cr-rich steels to avoid sigma-
phase.

E) Mn-N: Mn >2 wt.% required when N >0.2 wt.% to prevent blowholes in
casting.

F) Cr-Ni synergy: 218 wt.% Cr + =8 wt.% Ni for oxidizing acids.

G) Cr-Mo-Ni synergy: as in point a) above, Mo stabilizes and accelerates the re-
passivation while Ni increase the resistance/stability as in point; b) These three

provides a good combination for higher resistance to pitting and crevice
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With the minimum explained above, when a grade of stainless steel is selected
or when considering the selection between various grades, these considerations
can be applied and a certified minimal must be stated in the procurement docu-
ment instead of just the grade.

This approach converts metallurgical insight into actionable engineering re-
quirements. It shifts focus from “selecting stainless steel” to designing the alloy-

environment system.

6.1. From Alloy Choice to System Design

The recurring failures reviewed here demonstrate that stainless steel is not a “fit-
and-forget” material but a responsive system whose durability depends on oxygen
availability, temperature, chemistry, and workmanship.

A mechanism-based selection framework—grounded in elemental synergies,
microstructural behaviour, and fabrication sensitivity—offers a more reliable path
forward. However, implementing such a framework requires more than technical
awareness; it demands organizational change. Reliability improves when metal-
lurgical insight is institutionalized across design, procurement, and fabrication

practices.

6.2. Institutionalizing Metallurgical Control in Practice

To ensure consistent application of these metallurgical thresholds and prevent re-
currence of past failures, it is recommended that organizations develop a stand-
ardized stainless-steel material selection and verification procedure, supported by
a formal review checklist. The checklist should guide engineering, procurement,
and integrity teams through critical verification steps, including:

A) Alloy specification (see Section 6.1): Confirm grade designation and verify
minimum Mo, N, and C thresholds relevant to service environment.

B) Metallurgical balance (see Section 3.1 and 6.1): Ensure adequate Cr-Mo-N
synergy and PREN compliance, microstructural influence especially for duplex
and high-alloy steels.

C) Fabrication and welding controls (see Section 3.4 and 4.4): Review weld pro-
cedures, inter-pass temperature limits, and post-weld treatments such as pickling
and solution annealing.

D) Service-environment compatibility (see Sections 2.3 and 4.2): Assess chlo-
ride content, oxygen availability, temperature, and flow conditions against alloy
tolerance, including upset conditions.

E) Inspection and maintenance integration (see Section 5.3): Define inspection
intervals, passivation needs, maintenance practices and failure feedback mecha-
nisms for continuous improvement.

F) Cross-functional review (see Section 5.3): Involve materials, corrosion, op-
erations, and maintenance specialists early—design and procurement stage.

G) Industrial failure learning (see case analyses in Section 4): Review in-house,

field and published failures to extract lessons on alloy behavior and integrate them
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into updated specifications.

Institutionalizing these checkpoints transforms stainless-steel selection from a
single-point engineering decision into a systematic control process, bridging met-
allurgical principles with operational reliability and reducing life-cycle risk across

industrial assets.

7. Conclusions

This study confirms that the predominant causes of stainless steel failure are as-
sociated with chloride-induced stress corrosion cracking, pitting and crevice cor-
rosion, and microstructural sensitization influenced by fabrication conditions.
The findings emphasize the critical importance of maintaining chemical compo-
sition thresholds and implementing controlled welding practices to mitigate such
failures. Integrating metallurgical insight with field-specific operating conditions
in material specification is essential to ensuring long-term service reliability.

Although specifying precise alloy chemistries and enforcing strict fabrication
controls may increase initial project costs, these measures provide substantial
long-term savings by preventing premature failures, unplanned downtime, and
costly replacements. Industry data indicate that unplanned downtime in oil and
gas operations can cost up to USD 200,000 per hour (MaintainX Editorial Team,
2025) [29], underscoring the economic value of improved material selection and
fabrication control in mitigating corrosion-related failures. In downstream oper-
ations, even a single day of shutdown—including repair and decontamination—
can easily exceed this figure, rendering the initial cost increase comparatively in-
significant.

Future research should focus on real-time monitoring and predictive mainte-
nance strategies to further minimize unplanned failures in corrosion-prone envi-
ronments and strengthen the link between metallurgical design and operational

reliability.
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