
MECHANICAL ENGINEERING ASSET INTEGRITY

The Comprehensive Engineering Guide to Boiler Tube 
Failure: Root Cause Analysis, Mechanisms, and Mitigation
Published: June 27, 2025  |  Index ID: #599

Boiler tube failure (BTF) remains the primary cause of forced outages in fossil-fuel power plants and industrial

steam generation facilities globally. For a power utility, a single tube leak can translate into millions of dollars in lost

revenue, repair costs, and potential grid instability. Managing these assets requires a multidisciplinary approach

combining metallurgy, chemistry, thermodynamics, and mechanical engineering. This guide serves as an in-depth

technical resource for engineers and maintenance professionals to identify, analyze, and prevent the root causes of

boiler tube degradation, drawing from industry standards such as EPRI TR-105261 and M&M Engineering

methodologies.

The Economic and Operational Impact of Boiler Tube Failures

In the hierarchy of power plant reliability, the boiler is often the most vulnerable component. Statistics indicate that 

tube failures account for approximately 60% to 80% of all boiler-related forced outages. The consequences are 

twofold: immediate operational downtime and long-term structural degradation. Short-term overheating, creep, 

and corrosion fatigueare not merely technical terms but systemic risks that require a robust asset integrity

management (AIM) program. Understanding the failure morphology—whether it is a thin-lipped fish-mouth rupture

or a thick-walled longitudinal crack—is the first step in a forensic metallurgical evaluation.

The EPRI Classification System

The Electric Power Research Institute (EPRI) has standardized the classification of boiler tube failures into six

primary categories. This framework allows engineers to communicate using a common lexicon and facilitates more

accurate data entry into failure databases. The categories are:

•  Water-Side Corrosion: Including hydrogen damage, caustic gouging, and acid phosphate corrosion.

•  Fire-Side Corrosion: High-temperature ash corrosion and coal ash corrosion.

•  Mechanical Failures: Erosion, vibration fatigue, and thermal fatigue.

•  Overheating: Short-term overheating and long-term creep.

•  Erosion: Fly ash erosion, soot blower erosion, and falling slag erosion.

•  Water Chemistry Upsets: Pitting and stress-assisted corrosion.

Core Mechanisms: Thermal Degradation and Creep

One of the most complex failure modes in high-pressure boilers is creep, or long-term overheating. Creep occurs

when a material is subjected to constant stress at elevated temperatures over an extended period. In the context of

superheaters and reheaters, this usually manifests as a gradual thinning of the tube wall and an increase in tube

diameter (swelling).

The Larson-Miller Parameter (LMP)

Engineers utilize the Larson-Miller Parameter to predict the remaining life of boiler tubes subjected to creep. The

formula is expressed as:

LMP = T(C + log t)



Where:  - T = Absolute temperature (Rankine or Kelvin). - C = Material-specific constant (usually 20 for low-alloy 

steels). - t = Time to rupture (hours).

By calculating the LMP, metallurgical analysts can determine if a tube has reached its design life or if operational 

excursions (temperature spikes) have accelerated the degradation process. In the case of a fish-mouth rupture,

the failure is often the result of short-term overheating where the metal temperature exceeds the lower critical

transformation temperature (approx. 1340°F for carbon steel), leading to rapid loss of tensile strength and violent

failure.

Microstructural Evolution During Failure

Forensic analysis of a failed tube involves examining the microstructure. In carbon steel tubes, prolonged exposure 

to temperatures above 850°F causes spheroidization. This is the process where the lamellar cementite in the 

pearlite phase transforms into spherical carbides, significantly reducing the material's creep resistance. In more 

advanced stages, graphitizationmay occur, where the carbides decompose into nodules of graphite, creating

planes of weakness that lead to brittle failures.

Technical Analysis of Water-Side Corrosion Failures

Water chemistry is the lifeblood of boiler longevity. Deviations from strict chemical parameters can lead to rapid 

localized metal loss. Two of the most destructive mechanisms are Hydrogen Damage and Caustic Gouging.

1. Hydrogen Damage

Hydrogen damage occurs when corrosion reactions produce atomic hydrogen. These atoms are small enough to 

diffuse into the steel lattice, where they react with the carbon in the steel to form methane gas (CH4). Because the 

methane molecule is too large to diffuse out, it creates internal pressure, leading to intergranular micro-fissuring.

This failure is particularly dangerous because the tube may show no visible thinning (window-type blowout) and can

fail catastrophically under normal operating pressures.

2. Caustic Gouging

Also known as caustic embrittlement, this occurs when sodium hydroxide (NaOH) concentrates under porous scale

or deposits. The high pH environment dissolves the protective magnetite (Fe3O4) layer, exposing the base metal to

rapid corrosion. The resulting morphology is often a deep, smooth-bottomed pit or "gouge" on the internal surface

of the tube.

Comparative Evaluation: Failure Modes and Identification

The following table provides a side-by-side comparison of common boiler tube failure mechanisms to assist in field

identification and diagnostic procedures.



Failure Mechanism Visual Identification Primary Location Root Cause

Short-Term Overheating Thin-edged, wide opening 
("Fish-mouth")

Superheater / Waterwalls Loss of coolant flow or 
massive fire-side heat flux

Long-Term Creep Thick-edged rupture, 
longitudinal cracks, swelling

Superheater / Reheater Operation above design 
temperature limits

Corrosion Fatigue Transverse cracks, often 
starting at attachments

Waterwalls (Lower headers) Cyclic thermal stress + 
mildly corrosive 
environment

Fly Ash Erosion Flat, polished, thinned 
areas

Convection passes High gas velocity and 
abrasive ash particles

Hydrogen Damage Brittle, "window-type" 
blowout; no thinning

High-pressure waterwalls Acidic contamination or low 
pH excursions

Root Cause Analysis (RCA) Methodology

Determining the root cause of a boiler tube failure requires more than a visual inspection. A Senior Technical Writer

and Analyst must document the following steps in a formal RCA report:

Step 1: Data Collection and Field Observation

Gathering operational data is critical. Analysts must review the boiler's Distributed Control System (DCS)logs for

temperature spikes, pressure drops, and water chemistry fluctuations leading up to the failure. Field observations

should include the exact location (row, tube number, elevation) and the orientation of the failure (e.g., facing the

burners vs. the rear).

Step 2: Metallurgical Lab Evaluation

The failed section must be removed for laboratory analysis. This involves:Visual Examination: Documenting the 

failure morphology and measuring wall thickness and outer diameter (OD) expansion.Metallography: Sectioning 

the tube to examine the grain structure under a microscope.Scale and Deposit Analysis: Using Energy 

Dispersive X-ray Spectroscopy (EDS) to identify the chemical composition of internal deposits.Hardness Testing:

Determining if the material has undergone thermal softening or work hardening.

Step 3: Determination of Root Cause

The analyst must distinguish between the mechanism (e.g., creep) and the root cause(e.g., internal scale buildup

limiting heat transfer). Identifying the root cause allows for the implementation of corrective actions, such as

chemical cleaning or burner adjustments, rather than simply replacing the damaged tube.

Practical Implementation: Field Guide for Prevention

Proactive management of boiler assets involves several engineering strategies designed to mitigate the risks

identified in the failure handbook. These include technical upgrades and strict adherence to operational protocols.

Advanced NDT Techniques

Non-Destructive Testing (NDT) is essential for detecting degradation before a leak occurs. Electromagnetic 

Acoustic Transducer (EMAT)  technology is highly effective for measuring internal scale thickness in waterwall 



tubes without removing the tubes. Similarly, Phased Array Ultrasonic Testing (PAUT)can detect microscopic

cracking in header welds and attachments that would be missed by standard visual inspections.

Chemical Treatment Programs

Maintaining a stable magnetite layer is the primary defense against internal corrosion. Modern boilers typically use 

All-Volatile Treatment (AVT)  or Oxygenated Treatment (OT) . In OT systems, a controlled amount of oxygen is

injected into high-purity feedwater to form a very stable, low-solubility ferric oxide hydrate layer (hematite), which is

much more resistant to flow-accelerated corrosion (FAC) than the traditional magnetite layer.

Case Study: Fish-Mouth Opening in Alloy 625 Ammonia Cracker Tubes

A recent investigation into Alloy 625 tubes in an ammonia cracker environment revealed unique failure modes. 

Despite the high nickel content and corrosion resistance of Alloy 625, the tubes experienced fish-mouth ruptures.

The investigation found that localized "hot spots" caused by uneven burner firing led to temperatures exceeding

1800°F. At these temperatures, even advanced alloys lose structural integrity. The solution involved not a change in

material, but a redesign of the burner management system to ensure uniform heat distribution, highlighting that

mechanical design often supersedes material selection in preventing failure.

The Role of Boiler Tube Failure Handbooks

The M&M Engineering Boiler Tube Failure Handbook  and the EPRI Field Guide serve as the industry bibles for 

troubleshooting. These documents provide exhaustive libraries of photographs and case studies that allow field 

engineers to perform rapid triage. For instance, if an engineer identifies soot blower erosion, the handbook directs

them to check the alignment of the soot blower wall boxes and the pressure settings of the blowing medium. This

structured approach moves the maintenance philosophy from reactive "patch-and-repair" to a proactive "predict-

and-prevent" model.

Checklist for Routine Boiler Inspections

1.  Waterwalls: Inspect for evidence of flame impingement, blistering, or bulging. Check for "grooving" near 

attachments.

2.  Superheaters/Reheaters: Monitor for tube alignment and warping. Use UT to check for wall thinning in the 

lead tubes of the pendant sections.

3.  Headers and Drums: Inspect for ligament cracking between tube holes.

4.  Expansion Joints and Seals: Ensure they are not restricted, as restricted thermal expansion can induce high 

stresses on tube-to-header welds.

Synthesis of Long-Term Asset Integrity

Effective boiler management requires a synthesis of theoretical knowledge and field experience. The transition from

identifying a "leak" to understanding a "failure mechanism" is the hallmark of a sophisticated maintenance program.

By integrating the Larson-Miller Parameter for life prediction, utilizing advanced NDT for internal scale

measurement, and maintaining rigorous control over water chemistry, facilities can significantly extend the mean

time between failures (MTBF).

As the industry moves toward more flexible operations—such as frequent cycling and low-load operation to 

accommodate renewable energy integration—the risk of thermal fatigue and dew-point corrosionincreases. The

technical frameworks provided by EPRI and M&M Engineering are more relevant than ever. Engineers must remain

vigilant, treating every tube failure as a data point that can prevent the next major outage. Through meticulous root

cause analysis and a deep understanding of metallurgical transitions, the goal of zero-forced outages for boiler



tube failures becomes an attainable engineering reality.

Ultimately, the longevity of a boiler is determined by the quality of the data collected and the willingness of the

organization to act on technical findings. Investing in metallurgical evaluations and high-fidelity monitoring systems

is not a cost—it is an insurance policy against the catastrophic financial impacts of unplanned downtime.
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