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As one of the original and current instructors of the 
API RBI 580/581 Risk Based Inspection training 
course I am constantly reminded and constantly 
remind others of the importance in understanding 
how equipment degrades and ultimately fails. 
This knowledge and application of it are essential 
to have any chance of effectively managing 
equipment reliability through a safe and productive 
life-cycle. It is vitally important that we understand 
damage mechanisms and their relationship to 
the inspection strategy we develop to accurately 
predict the damage state or “health state” of 
equipment. For example, if we don’t do a good job 
of predicting all reasonable forms of damage that 
will likely exist or could exist in our equipment, and understand how that damage 
exhibits itself, i.e. when and where it can occur, the damage shape or morphology 
and damage “drivers” how will we know the appropriate inspection and NDE 
techniques to use, where to look, how much area to interrogate, etc.?

As a valuable reference to readers to aid them in accomplishing these goals 
the Inspectioneering® Journal staff has compiled, from 15 issues of the 
Inspectioneering® Journal published from 2003 through 2007, the series by John 
Reynolds and Hearl Mead entitled, 99 Diseases of Pressure Equipment. In fact, 
this is a work in progress. Counting you will notice there are approximately 73 
“diseases” covered. The remaining 29 maladies are on John’s “to do” list and who 
knows, maybe the final number will be something other than 99?

While there is some overlap, I would not consider this a duplication of the great 
work reference, API RP 571, either. As you will notice, there are many situations 
listed in this compilation that are not covered in the API RP.  Therefore, this is a 
good compliment to another available IJ compilation, 101 Essential Elements of 
a Pressure Equipment Integrity Management Program and API RP 571 covering 
damage mechanisms encountered in petroleum refineries. 

We at the Inspectioneering® Journal will continue to keep you up to date with the 
latest practical information related to fixed equipment reliability best practices, 
industry and regulatory actions for the refining and petrochemical industries, just 
as we have for the last 15 years. Our approach is meant to be practical, “no-
nonsense” and “to the point”, making frequent use of actual examples in the field 
(case studies), showing limitations, benefits, describing logistical considerations, as 
appropriate from the layman’s level.So you can operate at maximum effectiveness 
by providing this valuable information in a way that is immediately useable and 
valuable. We need your continued input to help us achieve this by submitting 
articles, informing us of industry events and regulatory activities in the FER area, 
providing ideas for value improvement, and participating in the Inspectioneering® 
Journal’s Discussion Forum. This forum is on-line, searchable, and full of valuable 
information contained in over 1,500 discussion entries.

If you are reading this you are a part of this pacesetting community, the 
Inspectioneering® Journal community, and we appreciate you, your ideas and 
participation. Thank you very much and please let us hear from you, often!

Keep doing your best to ensure the safety and reliability of “your” equipment!

All the best and kindest regards,

Greg Alvarado, Chief Editor, Inspectioneering® Journal
 

“The significant problems we face cannot be solved from the 
same level of thinking at which they were created,”  Albert Einstein

mailto:tij@gte.net
http://www.inspectioneering.com
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Introduction
Welcome to a new series of articles about the ninety-nine 
leading types of degradation, flaws and failure that can 
and do happen to pressure equipment in the hydrocarbon 
process industry. Imagine for a moment, a world free of 
unexpected pressure equipment failures due to degradation 
and failure of the construction materials? Pipe dream? I say 
not! It is possible and doable that we can eliminate a lot of 
unexpected failures if all the right people know about and 
understand the “afflictions” of pressure equipment, why they 
happen, and how to prevent them from resulting in failure. 
The key is clearly prevention, and we can’t prevent what we 
don’t know about. But in the case of the “99 most common 
diseases of pressure equipment”, there is no excuse for not 
knowing. Most of these things have been known to a few 
of us subject matter experts (SME’s) for decades. It’s now 
time that more people knew about them.

This series of articles is not aimed at the experienced 
corrosion/materials specialist who should be routinely 
involved in corrosion control and inspection planning, but 
rather it is aimed at the others who should or may be involved 
with pressure equipment, including inspectors, operators, 
maintenance crafts, process engineers, maintenance 
engineers and foremen. In this series of articles, I will simply 
identify the issues and some questions that should be 
asked determine if any particular degradation mechanism 
is “possible or probable” in each operating environment. 

I mentioned the RBI team in the last sentence. Yes, one 
of the most important aspects of conducting RBI Planning 
is understanding what types of degradation can cause 
deterioration and therefore eventual failure of pressure 
equipment. We can’t do a valid risk assessment or a good 
job of inspection planning unless we know all the possible 
and probable causes of failure in each piece of equipment 
in each operating enviroment. So this series of articles will 
outline the 99 most common of our pressure equipment 
“afflictions”. Hopefully the information in this series will 
help the entire RBI team to understand every potential 
failure mode that should be considered when trying to 
determine the probability of failure side of the risk equation. 
Eventually all these degradation by the entire RBI (Risk-
Based Inspection) team in order to phenomena will be 
covered in much more detail in the forthcoming API RP 571 
on Deterioration Mechanisms in Hydrocarbon Processing, 
when it is published next year. Hopefully this series of 
articles will just “wet your appetite” for knowing much more 
about each phenomena when API RP 571 is available.

Another source of information that is being compiled is a 

new operator training series on pressure equipment integrity 
issues. The API has issued a contract for the compilation 
of a training manual for this series, which should also be 
ready for publication early next year. Watch for it; as it will 
be one of several tools available to us to transfer knowledge 
about corrosion and materials degradation issues to those 
who really need to know. Another tool that we’re having 
great success with is the compilation of Corrosion Control 
Documents (CCD’s) for each of our process units. These 
CCD’s have become the basis for transfer of knowledge 
about all the corrosion/materials issues in each process unit 
from the knowledgeable SME’s to the rest of the RBI team 
and to all operators, engineers, and craftsmen who need 
to know. They contain a wealth of information on potential 
degradation mechanisms, operating windows, materials 
of construction, operating environments, etc. that are also 
handy for doing effective Process Hazards Analysis (PHA’s 
or HAZOP’s).

There are certainly other important reasons why other 
folks outside of our profession need to have some limited 
knowledge of all the potential degradation mechanisms 
in the equipment with which they are associated. In my 
35 years in the business, time and time again I see and 
hear about failures that are not new to me or to the site 
corrosion and materials engineer. Usually when a failure 
occurs, the corrosion and materials specialist already 
had the knowledge that could have prevented the failure. 
But unfortunately, the other folks who are closer to daily 
operations and maintenance of our equipment don’t always 
have the minimal information they need to understand 
what it takes to protect and preserve it, and thereby 
prevent unexpected failures. A good example, which 
nearly everyone has seen, is when equipment that contains 
a mildly caustic environment is eventually “steamed out” 
during clean out procedures, exposing it to the potential 
for caustic cracking. I’d be rich if I had a dollar for every 
time I heard about that happening because the responsible 
operating folks were not aware of the issue. This stuff is 
not rocket science! It’s actually much more important than 
rocket science to those of us who make a living working in 
the hydrocarbon process industry.

Another reason why operating folks and process engineers 
need to know about the “99 diseases of pressure equipment” 
is that this knowledge will help them understand why it is 
so important for us to set the limits (and stay within them) in 
our operating windows. Each potential threat to the safety 
of our pressure equipment (and the people who operate 
it) should have a clearly designated operating window 
(typically upper and lower limits), within which the equipment 
can be safely operated without exposure to unexpected 
degradation and failure. The more people understand 
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Because there is an analogy to the medical profession

with regards to prevention and cure.

the reasons behind these standard and critical operating 
limits, the more likely they are to adhere to and respect 
them. Do you have an operating window established for 
each of the potential and probable materials degradation 
variables in your pressure equipment? Far too often, I find 
that the operating windows don’t focus on causes of failure 
as much as they do operating quality issues or operating 
reliability issues.

Why do I call them the “99 diseases”? Because there is an
analogy to the medical profession with regards to 
prevention and cure. Certainly in both cases, it’s much 
easier, much less expensive, and healthier (safer) to prevent 
such diseases than it is to cure them. I’m sure we would 
all rather know and practice 
the necessary lifestyles that 
will prevent us from having 
cancer or heart disease than 
it is to cure either after we 
contract them. The same is largely true with the diseases 
of pressure equipment. Preventing cracks, high corrosion 
rates, and metallurgical degradation is usually easier, much 
less expensive, and safer than coping with the aftermath of 
unexpected vessel and piping failures. Often it only takes 
shared knowledge and good operating practices to avoid 
many of the afflictions.

There’s another analogy in the prevention of unexpected 
failures in pressure equipment. It’s with our automobiles. 
We’ve all heard about people who do such a good job with 
preventive maintenance and operating care on their vehicle 
that it runs very well to 200,000+ miles. The same is true 
with vessels, tanks, heat exchangers, columns, and piping 
in the hydrocarbon process industry. If we take care of 
them, understand what can make them “break down” (i.e. 
fail unexpectedly), and “drive them” with care (i.e. operate 
them within the preset operating window), they will provide 
reliable, safe service throughout the life of our process 
plant. What prevents us from doing it?

So, what are those 99 diseases of pressure equipment? I’m 
sure that many of the IJ readers have heard about most, 
if not all of them. So, be sure to pass this article along to 
others who may not know about all of them, but may need 
to know more in order to help you protect and preserve 
your pressure equipment. These articles will not convert 
them into corrosion/materials engineers, but perhaps will 

make them aware of the important flaws and degradation 
issues, so they can be our “eyes and ears” in the field, so 
they can be better members of the RBI team, so they can 
understand the importance of the operating window, so 
they can help us prevent unanticipated pressure equipment 
failures.

I’ll start with a very common one (caustic cracking) 
and a very uncommon one (green rot), and share some 
information on high hardness fittings then try to fill in 
everything in between during the next few editions of the 
Inspectioneering Journal.

Caustic Cracking:
I already mentioned this common affliction in the 
introduction. Caustic cracking was long called caustic 
embrittlement, but since no embrittlement actually occurs 
that name is fading away. It’s one of many environmental 
cracking mechanisms that typically occur in carbon steel 
equipment, but can also afflict low alloy and austenitic 

stainless steel equipment. 
Caustic environments 
(NaOH & KOH) cause 
cracking most commonly in 
weldments because of high 

residual stresses, but also affects base metal with high 
residual stresses. It takes a certain temperature range and 
concentration of caustic to cause caustic cracking that has 
been long established in the caustic cracking chart in the 
NACE Corrosion Data Survey (1). Cracks can follow the 
heat-affected zone (HAZ) or they can be transverse through 
the weld. Cracks can be tight and difficult to find with PT, 
or they can be so wideopen that you only need your eyes 
to see them. On the outside surface, it’s not uncommon to 
see white crystalline deposits of caustic where a leak as 
occurred due to caustic cracking. 

Typically when a caustic environment is expected, the 
materials engineer specifies that the equipment will be 
post-weld heat treated (PWHT). In my experience, the six 
most common reasons for caustic cracking are:
1. 	Steaming out non-PWHT equipment. To prevent this, 	
	 operations needs to have a list of equipment that 		
	 cannot be steam cleaned, but rather needs to be 		
	 cleaned with hot water or other means.
2. 	 Injecting concentrated caustic into process 			 
	 environments. To prevent this, properly designed and
	 operated injection equipment is needed or lower 		
	 concentrations of caustic can be used.
3. 	 Inadequate PWHT. All too often, when we don’t have 	
	 rigid QA/QC during the fabrication of equipment, 
	 PWHT will not be adequately performed, leaving higher 	
	 residual stresses and higher susceptibility to caustic 		
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	 cracking than were expected in the design 
	 specification.
4. 	Caustic carry-over or concentration in steam systems.
	 This can be a real nightmare and must prevented by 		
	 continuous, high quality control of boiler feed
	 water treatment and operating controls, i.e. 
	 excellent procedures and management systems.
5. 	Pipe bends, bellows, or coils that have high levels of 		
	 residual stresses and then are exposed to hot 
	 caustic containing fluids. Can also occur when heat 
	 tracing coils touch caustic containing equipment.
6. 	Non-stress relieved welds are made on equipment that 	
	 was originally PWHT’d. This is obviously a big no-no, 
	 but it keeps happening.

But there are several more reasons for experiencing 
caustic cracking and your RBI team needs to ask all the 
right questions about whether or not caustic cracking 
is a potential failure mode in your systems. Don’t forget 
the potential for sudden, inadvertent contamination with 
caustic from some unexpected source. Where are those 
sources and how can you prevent them from eventually 
causing caustic cracking?

If you are involved in the inspection of equipment, this old 
adage applies to you: You have either already experienced
some cases of caustic cracking in your tenure, or you 
eventually will. Few afflictions are more prevalent in our 
industry.

Green Rot:
Now you say, he’s got to be putting me on. What is green 
rot? I didn’t invent it. I first read about it in one of the 
early texts on corrosion 
engineering by Uhlig or 
Fontana, the venerable 
corrosion professors at MIT 
& Ohio State. But when I 
experienced it, it became very real, even though I’ve only seen 
it once in my 35-year career. It’s a form of internal oxidation 
of chrome-nickeliron alloys that causes embrittlement. 
Under some circumstances, the alloy ingredients that 
were originally intended to produce a protective external 
oxide scale, instead produce a deleterious internal oxide 
precipitate, which gives rise to brittle fracture. When the 
component fails due to “green rot”, the fresh fracture 
surface exhibits a greenish tint caused by the internal oxide 
precipitates that caused the embrittlement.

The only way I know to prevent green rot is to make sure the 
materials selected for the environment are not susceptible 
to internal oxidation. So clearly this “disease” is one that 
can be prevented by suitable materials selection. The 

job of the RBI team is simply to ask if an embrittlement 
mechanism is possible for some high temperature - high 
alloy chromenickel steels.

High Hardness Fittings:
Another affliction that is becoming more common as 
we start to get more and more of our components from 
developing countries, is that high carbon contents and 
high micro-alloy contents will make some components 
relatively unweldable under normal circumstances. Many 
of our ASTM and ASME carbon steel specifications allow 
ranges for carbon and micro-alloying elements that exceed 
weldability.

The only way I know to prevent green rot is to make 
sure the materials selected for the environment are 

not susceptible to internal oxidation.
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Part 2

In part 2, I’m going to cover a few mechanical and 
metallurgical damage mechanisms that can and do cause 
pressure equipment failures. In part 3, I will return to some 
more corrosion and corrosion-cracking mechanisms.

Cavitation
Cavitation is the sudden formation and immediate collapse 
of vapor or air bubbles in a liquid stream when system 
pressure falls below the vapor pressure of the liquid. The 
sudden collapse of these tiny bubbles generates enormous, 
though tiny forces that mechanically damage (erode) metal 
(often on pump impellers or just downstream of let down 
valves). Typically the noise generated by cavitation is easily 
detectable and often sounds like stones rattling around 
in the pump or valve. Key to mitigation of cavitation is for 
operators to report such noise to engineers and inspectors 
so that steps can be taken to mitigate the cause of the 
cavitation. The other key to mitigation is for engineers and 
inspectors to let operators and maintenance personnel 
know about cavitation and how damaging it can be if it is 
not prevented. Material changes typically do little to solve 
the problem. Design or operating changes are usually 
necessary.

Might your operators know about strange noises 
coming from pumps and let down valves that have gone 
unreported?

Vibration Fatigue
Few of us have not experienced or heard about vibration 
fatigue (cracking) failures, especially around pumps 
and compressors. Typically small branch connections, 
equalizer lines, vents and drains are susceptible, especially 
if they are screwed connections. Such failures have often 
led to safety and reliability events because of the sudden 
release of flammable hydrocarbons. Typically the vibration 
is detectable or known to operators, so their knowledge 
of the consequences of “living with vibrations” is key to 
prevention. Operators should be encouraged to report 
vibrations to engineers and inspectors so that steps can 
be taken to mitigate the cause of the vibration. There are 
several design and operating steps that can be taken 
to minimize vibration, and therefore prevent vibration 
fatigue failures. Often adding supports, stiffening gussets, 

anchors, or dampeners can help. Sometimes shifting the 
operating conditions of the machine is necessary to get 
out of or reduce the vibration regime. Inspection cannot be 
relied upon to find vibration fatigue cracks before failure. 
Though it is possible you can find cracks with surface 
NDE techniques, most often the time from cracking onset 
to failure is too short for inspection to be relied upon. So, 
once again, operator knowledge is key to prevention.

Do your operators and others in the field routinely report 
vibrations that might lead to fatigue failure if unattended 
to?

Graphitization
Graphitization is not something that operators can do 
much about, and thankfully it is not very common. We as 
engineers and inspectors have to know about this one and 
prevent it or detect it. It occurs when the microstructure of 
some carbon and low alloy steels breaks down after long 
exposure to elevated temperatures, like in FCCU’s. The 
carbide phases break down in temperature ranges from 825 
to 1300 F (440 - 590 C), and cause the metal to weaken and 
be susceptible to cracking failures. Material selection is key 
to avoiding graphitization failures. Metallographic analysis 
of coupons cut from the wall of susceptible equipment is 
effective in determining if graphitization may be occurring.

Have you assessed the carbon and low alloy steels in your 
older, higher temperature equipment to determine if they 
might be susceptible to graphitization cracking and failures 
after long periods of time in service?

885 Embrittlement
This is the name given to a form of embrittlement that 
occurs in 400 series of stainless steels, duplex SS’s and less 
commonly in some 300 series stainless steels containing a
metallurgical phase called ferrite. The embrittlement occurs 
from 600 F to 1000 F, but most readily at a temperature 
of 885 F, hence the name. Like graphitization above, 885 
embrittlement is not something that can be easily detected 
or reported before failure. The embrittlement is usually not 
much of a problem at higher operating temperatures, but 
can result in cracking and failure of embrittled equipment 
during shut downs and start ups. As with graphitization, if 
885 embrittlement is a possibility, then it usually can only be 
confirmed by physical testing involving bending or impact 
tests. Hardness tests may also give some indication of 885 
embrittlement. Fortunately, this is a rather uncommon type 
of failure as it is well known by most materials folks and is 
avoided by the right type of materials selection for pressure 
equipment. However, some types of trays and other non-
pressure containing hardware may be constructed of 
susceptible alloys and end up cracking during repair or 
maintenance activities.



9  INSPECTIONEERING JOURNAL   99 Diseases of Pressure Equipment    

cracking failures. Valve body cracking of regen valves in 
Cat Reforming units is a good example of thermal shock 
that results in that common “mud flat” cracking appearance 
on the ID of the valves. Blowing dust or particulates off 
from convection section tubes with high pressure steam or 
water sprays is another example of how to produce thermal 
shock cracking on furnace tubes.

The best way of avoiding unexpected thermal shock 
is to make sure that operations and process engineers 

understand what can happen 
to equipment (or perhaps 
to them personally) if they 
suddenly chill it. It was a 
thermal shock that not too 

long ago caused a heat exchanger in a gas plant in Victoria, 
Australia to crack open brittlely while in service, causing 
two fatalities and an enormous economic impact.

Do all your operators know about the potential for and the 
effects of thermal shock and what they need to do in order 
to avoid it?

Conclusion
Part 2 of this series has covered a few of the mechanical and 
metallurgical factors that can cause degradation and failure 
of pressure equipment, but there are a lot more, which I 
will cover in later parts of this series. Next time, however, 
I will return to some of the corrosion issues that afflict 
our facilities. In the meantime, do your risk assessments 
consider all the factors that could possibly or probably 
cause your equipment to fail? Do all your operators have 
the knowledge and understanding of degradation and 
cracking mechanisms that they need in order to help avoid 
pressure equipment failures in your facilities? Remember, it 
does little good for this information to only reside in a select 
few engineers or specialists in your company.

Do you have equipment operating with susceptible alloys 
in the susceptible 885 embrittlement temperature range?

Short Term Overheating 
This failure mechanism is unfortunately all too common in 
our industry. It’s also known as stress rupture, and it is usually 
entirely preventable by proper maintenance and operating 
procedures. It occurs when equipment, piping or furnace 
tubes that are designed to operate safely and reliably in 
one temperature range are suddenly (and sometimes not 
so suddenly) exposed to 
higher temperatures. At the 
higher temperatures the 
metal is weaker and can only 
resist operating pressures 
and stresses for a shorter period of time, sometimes only 
hours or minutes, if the design temperature is significantly 
exceeded. Furnace tubes are the most common types 
of equipment to suffer stress rupture from short term 
overheating. Flame impingement or internal tube fouling 
are common causes. Failure of the refractory in refractory-
lined equipment is another fairly common way that “cold-
shell” equipment can fail from stress rupture. Localized hot 
spots on reactors containing exothermic catalysts is one 
of the most serious sources of stress rupture. “You haven’t 
lived” so to speak, until you’ve seen a “pregnant reactor” 
that fortunately was shut down in the nick of time after a 
hot spot developed and resulted in a very localized, rapid 
overheating of a small portion of the shell of the vessel.

Since this type of affliction is fairly well known and not 
uncommon, there are many ways to avoid it, most of which 
involve careful operation, instrumentation, inspection and 
maintenance activities. These include routine IR monitoring 
of susceptible equipment, heat sensitive paint on cold 
shell vessels, furnace tube and vessel skin thermocouples, 
careful burner management of fired heaters, and routine 
inspection and maintenance of refractory-lined equipment.

Do you consider the potential for short term overheating as 
part of your RBI and PHA (process hazardsanalysis)?

Thermal Shock
Thermal shock is another one of those pressure equipment 
afflictions where communication with operating groups is 
a vital factor in prevention. Thermal shock failures usually 
involve sudden quenching of high temperature equipment 
and furnace tubes with a relatively cooler liquid or saturated 
steam containing some liquid, but not always. It can occur 
from sudden cooling of any high temperature equipment, 
or sudden cooling of even lower temperature equipment 
that causes it to suddenly be operating in a range in which 
it is now brittle. Physical restraint of equipment that needs 
to grow as it’s temperature increases or contract as its 
temperature decreases, will often produce deformation or 

There are several design and operating steps that
can be taken to minimize vibration, and 

therefore prevent vibration fatigue failures.
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Part 3

Hydrogen Assisted Cracking or 
Hydrogen Embrittlement
Hydrogen Embrittlement (HE) is an insidious form of 
degradation that can strike during equipment fabrication, 
cleaning, repairs or while in-service. It stems from the 
infusion of atomic hydrogen into some higher strength 
steels that then leads to embrittlement, cracking or 
catastrophic brittle fracture. During welding, the hydrogen 
can come from wet electrodes or moisture on the steel. 
Underbead cracking, hydrogen cold cracking, and delayed 
cracking are all forms of HE that are fairly well known, and 
usually the right precautions (heated electrodes, preheat, 
etc.) are taken to prevent such HE. However, during service, 
the hydrogen can come from common aqueous corrosion 
reactions or from hot hydroprocess environments. Great 
care must be taken to start-up and shut-down heavy wall 
hydroprocess equipment 
that might be susceptible 
to HE. Catastrophic brittle 
failure could occur if such 
equipment had a flaw that 
became a critical defect when the metal is saturated with 
atomic hydrogen.

Another form of HE cracking happens when flange bolts 
are exposed to leaking process fluids that cause corrosion. 
Bolting material is usually higher strength and will fail 
brittlely from just a very small amount of the wrong kind 
of exposure to process fluids. When too many bolts fail 
brittlely in a bolted joint, the remaining bolts in the joint can 
overload and fail suddenly and catastrophically.

Do your operators know about hydrogen embrittlement and 
how to help avoid it? Do they know what could happen to 
themselves if they don’t follow slow heat up and cool down 
procedures on heavy wall hydroprocess equipment?

Liquid Metal Cracking
Liquid Metal Cracking (LMC) (aka “liquid metal 
embrittlement”) is another insidious form of cracking that 
strikes when you least expect it. It most commonly afflicts 
austenitic stainless steels, but can afflict other copper, 
nickel and aluminum alloys. LMC occurs when molten 
metals come in contact with susceptible materials. One 
of the more common such occurrences is during a fire 
when molten zinc from galvanized steel parts or inorganic 
zinc coatings drips down on SS equipment. For example, 
take the case where a fire on a steam-methane reformer 
furnace caused zinc from galvanized gratings to drip down 
on Incoloy pigtails and crack them suddenly and badly. 

Cracking rates can be exceedingly rapid and failure can 
occur within seconds. Any stainless steel that will be used 
in furnaces or a temperatures over about 780 F should not 
be allowed to come in contact with anything that has been
galvanized or coated with zinc containing coatings. 

Liquid mercury contamination of some crude oils can also 
cause LMC in crude overhead condensers as well as the 
overheads of depropanizers and debutanizers. Mercury 
has also cracked aluminum core exchangers in ethylene 
plants. Cadmium plated bolts (common in non-pressure 
retaining applications) can also crack and fail by LMC when 
heated above 450 degrees F. So great care must be taken 
to avoid getting cadmium plated bolting material mixed up 
with flange bolting that could see elevated temperatures.

Do you know if you may have exposure to LMC in your 
plants? And do you take appropriate precautions to avoid 
LMC?

Wet H2S Cracking (HIC/SOHIC)
There are a variety of forms of wet H2S cracking. In this 
short article I will focus on two of the most common forms: 
hydrogen induced cracking and stress-oriented hydrogen 
induced cracking (HIC/ SOHIC). HIC is often fairly innocuous 
(but not always), while SOHIC is a type of cracking that can 
easily lead to failure and needs to be mitigated. HIC is a 
form of tiny blistering damage that is mostly parallel to the 

surface and to the direction 
of hoop stress, hence is 
usually not damaging until 
it is extensive and affects 
material properties or 

gives rise to step-wise cracking that propagates into a weld 
or begins to go step-wise through the wall. The damage 
occurs when atomic hydrogen from wet H2S corrosion 
reactions enters the steel and collects at inclusions or 
impurities in the steel. On the surface HIC is often horse 
shoeshaped and no bigger than the cuticle of your small 
finger. SOHIC on the other hand is more insidious and is a 
bunch of short HIC cracks that are stacked perpendicularly 
in the direction of through wall cracks and driven by high 
residual or applied stresses. These are the cracks that we 
really need to find and mitigate in our wet H2S cracking 
inspection programs. HIC/SOHIC cracking in the refining 
industry has received more attention in the last 15 years 
than any form of cracking because of the spectacular failure 
at the Lamont, Illinois refinery in 1984 that cost many lives. 
It’s fairly well known that above 50 ppm of H2S content, 
below 180F temperature in aqueous sour waters, that our 
pressure equipment is susceptible to wet H2S cracking. It’s 
also fairly well known that cyanides in overhead systems 
of cat crackers and cokers can significantly increase 
susceptibility.

Thankfully the intense focus on this phenomena over the 
last decade or so has almost eliminated significant failures, 
but we must not let our guard down. All susceptible systems 
should be inspected and maintained according to the latest 
edition of NACE RP0296. Equipment that is susceptible 
to SOHIC needs to be post weld heat treated (PWHT) or 

Often it only takes shared knowledge and good operating 
practices to avoid many of the afflictions.
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alloyed up. HIC resistant steels and polymeric coatings 
have been successfully applied, as well as stainless steel 
clad materials in more aggressive environments.

Do your operators know the importance of carefully 
operating and maintaining the water wash or polysulfide 
treating systems? Do you have operating windows in 
place that specify process variables limits, like ammonium 
hydrosulfide, and are these variables adequately measured 
and monitored?

Carbonate Cracking
Carbonate cracking (CC) of carbon steel has seen an 
increase recently in frequency and severity in some refinery 
cat crackers, especially in fractionator and gas processing
overheads. Some gas scrubbing units are also susceptible. 
CC is a form of alkaline stress corrosion cracking that 
often occurs more aggressively at higher pH and higher 
concentrations of carbonate solutions. One of the more 
unusual characteristics of carbonate cracking is that it often 
extends out some distance from the welds (inches away) 
and is not just a HAZ phenomena. The appearance can 
look like a spider web maze of tight, fine cracks, making 
CC difficult to detect without careful surface preparation 
and wet fluorescent magnetic particle examination. UT
shear-wave has been effective in finding piping cracks from 
CC onstream. Effective PWHT is usually a good way to 
prevent CC, but if it isn’t done right with sufficient soak time 
and higher temperatures than normal, then cracking may 
reappear in replacement equipment. 
It appears that it takes only very low 
levels of residual stress to initiate 
carbonate cracking. If PWHT is not 
effective, then we can alloy up or 
apply effective barrier coatings to protect the steel (that is 
until the coating breaks down).

Do you have equipment that is susceptible to carbonate 
cracking and are you looking for it during turnarounds with 
the right techniques and meticulous surface preparation?

Ammonia Stress Corrosion Cracking
Ammonia stress corrosion cracking (SCC) has been around 
a long time. Most everyone has experienced it from time 
to time. It’s not uncommon in brass tubes in cooling 
water service that is contaminated with ammonia due to 
biological growths or other contamination. Sometimes 
ammonia is added intentionally to process streams as a 
neutralizer by folks who do not know what it might do to 
brass tubes. Brass condenser tubes will fail brittlely when 
bent after they have significant ammonia stress corrosion 
cracking present. Eddy current inspection of brass tubulars 
is effective at finding ammonia cracking. Cupro-nickel 
alloys are usually not susceptible, and if necessary you can 
upgrade to austenitic stainless steels (which has it’s own 
set of problems).

Another form of ammonia SCC afflicts carbon steel 
equipment. Unlike the cracking mechanism on brass, 
which occurs in an aqueous solution, the cracking of 
steel equipment occurs in anhydrous ammonia (just the 

opposite). Adding a very small amount of water (0.2%) to 
the anhydrous ammonia is enough to inhibit the cracking 
of steel. Systems that are not PWHT’d are much more 
susceptible (especially with hard welds), as well as 
systems that have air/oxygen contamination. Unlike the 
ammonia SCC of brass tubulars which usually results in 
some sort of economic or reliability impact, we must be 
much more careful to avoid ammonia cracking of steel, 
as the consequence of failure of ammonia systems can 
be deadly. Ammonia cracking of steel equipment can be 
readily detected with wet fluorescent magnetic particle 
examination where access to the surface is available, 
and shear wave UT from the opposite side where surface 
availability for examination is limited.

Do the right people in your facilities know about ammonia 
stress corrosion cracking of brass and steel and do they 
know their role in preventing it from occurring?

Chloride Stress Corrosion Cracking
Chloride stress corrosion cracking (SCC) is about as well 
known as any SCC mechanism can be, so I won’t dwell 
much on it here, but want to mention it for the sake of 
completeness and hopefully mention something that is 
not as commonly known about it. Chloride SCC is clearly 
the bane of austenitic stainless steels and one of the main 
reasons they are not the “miraclecure” for many corrosion 
problems. Most people have seen the spiderwebbed and 
lightening array type network of highly branched cracks that 
is common with chloride cracking of SS’s. One would think 

that with all that is known about this 
mechanism and with all the failures, 
that it would be a thing of the past, 
but not so - it continues to plague the 

industry. Why? Typically
because of inadvertent contamination with chlorides that 
was not anticipated by design engineers that are unaware of 
the potential consequences of using austenitic SS’s where 
chlorides may be present. Fortunately because of the very 
high toughness of stainless steel, catastrophic failures from 
chloride SCC are rare (but can happen). Most consequences 
are economic from leaks, but these days, few plants can 
afford the economic consequences of chloride SCC leaks 
because it nearly always means equipment replacement is 
necessary. Repair welding of chloride cracked equipment 
is a fools play ground. Places where chloride cracking of 
300 series stainless steels continues to occur include: 1) 
cracking from corrosion under insulation which contains 
small amounts of chloride or where chlorides are present 
in the atmosphere; 2) when a process is inadvertently 
contaminated with chlorides by unsuspecting people; 
3) equipment is hydrotested with chloride contaminated 
water and left to dry out (concentrating the chlorides into 
small pools of highly aggressive salt solutions) that cause 
cracking on start up; 4) stainless steel deadlegs collect 
chloride contaminated water; 5) instrument tubing that is 
normally not welded but contains high residual stresses 
comes in contact with chloride contaminated atmospheres; 
and 6) stainless steel bellows which typically have high 
stress levels come in contact with chloride contaminated 
environments especially during down time.

Repair welding of chloride cracked
equipment is a fools play ground.
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Do all the right people (everybody but the cleaning lady) in 
your facility know about the chloride SCC susceptibility of 
300 series SS’s and what their role is in preventing such
failures? I’ll bet not.

Conclusion
Part 3 of this series has covered a few of the environmental 
cracking issues that can cause degradation and failure 
of pressure equipment, but there are several more such 
cracking mechanisms, which I will cover in later parts of 
this series. Next time, however, I will cover some of the 
numerous fabrication “diseases” that can afflict our 
facilities. In the meantime, do your risk assessments 
consider all the factors that could possibly or probably 
cause your equipment to fail? Do all your operators have 
the knowledge and understanding of degradation and 
cracking mechanisms that they need in order to help avoid 
pressure equipment failures in your facilities? Remember, it 
does little good for this information to only reside in a select 
few engineers or specialists in your company.

©Jan/Feb 2004     Volume 10/Issue 1

Part 4

Inadequate Postweld Heat Treatment (PWHT)
Inadequate PWHT is one of our pressure equipment 
nemeses. We normally specify PWHT for a variety of pressure 
equipment integrity reasons including when we need to 
lower residual stresses, increase resistance to cracking or 
soften weld hardness. All for the purpose of prolonging the 
service life of our equipment and preventing unexpected 
failures. But this issue is clearly where those old sayings of 
“Buyer beware” and “You don’t get what you expect, you 
get what you inspect” apply quite often. Too often, buyers 
don’t get uniform temperatures, sufficient soak times, 
specified minimum temperatures, etc., unless we monitor 
the PWHT operation and carefully specify where to place 
the thermocouples. Sometimes buyers don’t even specify 
sufficient temperatures to allow adequate stress relief. 
This is especially true for some low alloy equipment and 
equipment that may need a bit higher PWHT temperatures 
for environmental cracking resistance than is specified for 
“normal code construction”. I once saw a tower that was 
being PWHT’d in the field with a fired burner in the bottom 
end up with a slight banana shape because of inadequate 
temperature monitoring. I’ve also witnessed a nozzle 
on a component being PWHT’d in the field with electric 
resistance mats severely oxidized because the PWHT 
thermocouple was placed only on the opposite side of a 
very heavy section into which the nozzle was welded. The 
mats kept on heating until they burned the nozzle up and 
the heavy section finally came up to temperature.

Do all your PWHT standards and specifications include the 
appropriate QA/QC that will ensure that you receive what 
you expect?

Repair Welds
Repair welds can be another undetected and insidious 
“fabrication defect” that eventually results in equipment 
failure. Any experienced metallurgist that has completed 
numerous failure analyses over the years will tell you that 
periodically they see failures that initiated at the site of a 
repair weld. Sometimes those repair welds are field repairs, 
but not infrequently they occurred during original fabrication 
and were unknown to the purchaser. Typically our standards 
and specifications do not cover repairs completed by the 
fabricator, so they believe they are free to do whatever they 
want to repair a manufacturing or fabrication defect, then 
grind it flush, finish the fabrication and ship the product. 
Again, “buyer beware”. These repair welds may well end 
up being the site of an in-service through-wall crack 5 
years later because of a hardness problem, dissimilar 
weld chemistry, stress raiser, or other hidden defect. The 
least we can do is to require in our purchase specifications 
that the fabricator inform us of any defects that they have 
repaired, or better yet, before they repair them, so we can 
get involved in the QA/QC required for the repair. Field 
repairs are another matter. We typically know about field 
repairs, usually because we specify them to occur. But as 
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we all know, field repair conditions are normally not as good 
or as controlled as conditions for shop repairs. Hence they 
require extra careful specification and QA/ QC, with input 
from knowledgeable specialists for alloys or non-ferrous 
materials or where other special circumstances require 
design, materials and corrosion prevention knowledge.

Do you give repair welds the attention and QA/QC required 
to make sure they don’t end up being worse than the flaw 
you are trying to repair?

Stress Raisers
Speaking of stress raisers, they are another insidious type 
of flaw that can and do lead to equipment failures. Stress 
raisers (aka stress intensification sites) can be mechanical 
or metallurgical notches. Undercutting, physical weld 
flaws, mismatched thicknesses, and sharp geometric 
intersections can all become stress raisers. But so too can
so-called “metallurgical notches” like one finds at the edge 
of a weld where the cast structure of the weld pool meets 
the wrought structure of the heat-affected zone. Equipment 
in many static services without significant cyclic stresses 
can tolerate the presence of some stress raisers because 
of hefty code design margins. But equipment in services 
with significant fatigue stresses (thermal and mechanical) 
are especially vulnerable to such 
notches and deserve special 
QA/QC attention during design, 
specification, fabrication, and 
repairs.

Pressure swing absorber vessels are sensitive to many 
types of notches and should be fabricated with a minimum 
of stress raisers, including flush grinding longitudinal 
and circumferential seams, better than average peaking 
control, and blending of the toes on any filet/ nozzle welds. 
Dearators which are prone to corrosion fatigue are another 
class of vessels that deserve special attention to avoid 
stress raisers. Vessels and piping in services that give rise to 
thermal fatigue also deserve special QA/QC to avoid stress 
raisers that might initiate cracks from thermal cycling. There 
is also a commonly used variety of integrally reinforced seton 
nozzles that require attention by the engineer, inspector and 
welder to make sure that the manufacturer’s instructions 
for weld profiles are carefully followed, otherwise the weld 
profile combined with the section thickness mismatch may 
give rise to fatigue cracking years later when it’s not even 
obvious that fatigue stresses are present.

Do all the people involved in fabrication and repair of your 
equipment in cyclic services know how important it is to 
avoid stress raisers in order to provide long term reliability 
and integrity?

Inadequate Overlay Weld Thickness and 
Chemistry
When we specify that some equipment (vessels, flanges, 
fittings, etc.) be overlaid with a corrosion resistant alloy, we 
need to pay attention to making sure that the chemistry of 
the top layer of alloy welding, that will be exposed directly 
to the process fluid, is sufficient to resist degradation from 

the process environment. This may sound logical, but I’m 
aware of several cases where weld overlaid surfaces are 
ground or machined to meet specification tolerances, and 
in so doing the most resistant part of the alloy overlay is 
removed. This is especially true on flanges or other bolted-
gasketed surfaces where dimensional issues and surface 
quality are more important. So if you anticipate removing 
some weld overlay alloy, you need to design your fabrication 
process so that you will still have sufficient chemistry in 
your eventual top surface to meet alloy specifications. Don’t 
imagine that the machinist will know that he is defeating part 
of your specification by meeting your other requirements.

Have you ever seen localized corrosion or rust stains 
bleeding through a weld overlaid surface and wondered 
what the problem was?

Dissimilar Weld Metal (DMW) Cracking and 
Other Spec Breaks
DMW cracking is another fabrication issue that can and 
does result in equipment failure. It usually occurs at the weld 
juncture where carbon steel or low alloy steels are welded to 
austenitic (300 series) stainless steels in high temperature 
applications. The large difference in coefficient of expansion 

of the two steels, sometimes 
exacerbated by thermal cycling, 
results in cracking at the toe 
(HAZ) of the weld joining the two\ 
materials. Using an austenitic 

stainless filler material for the DMW junction also increases 
the stress intensification on the toe of the weld on the ferritic 
side of the weldment. This type of cracking is most common 
when temperatures above 800F (425C) are involved, such 
as in FCCU reactor/regenerations systems, superheaters, 
reheaters, fired heaters, and hydroprocess equipment. Use 
of bolted joints, if possible, or nickel base filler materials 
helps to avoid the DMW cracking problem.

A related issue involves knowing where all your junctions 
between materials occur (spec breaks), be they welded, 
bolted, or other mechanical connections, so that steps 
can be taken to ensure that corrosive fluids to not come in 
contact with the wrong side of the junction. Occasionally 
industry incidents (breaches of containment) occur because 
corrosive fluid or high temperatures crossed over a spec 
break into a system that was not designed to handle the 
more aggressive conditions, i.e. spec break in the wrong 
place or change in operating conditions from the design 
conditions. Spec breaks are important information to have 
on hand during process hazard analyses (PHA’s) so that 
the team can reaffirm that current and expected operating 
conditions are not expected to be different than design.

Do you know where your DMW’s and spec breaks are and 
are you comfortable that their risk of contributing to a failure 
is adequately low?

Weld Heat Affected Zone Cracking
Cracks along the toe of a weld are not uncommon during 
fabrication, and can occur for a wide variety of reasons 
involving the metallurgy and process control of the 

But as we all know, field repair conditions are 
normally not as good or as controlled as 

conditions for shop repairs.
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weldment, e.g. hydrogen-cold cracking, toe cracking, fusion 
line cracking, underbead cracks, etc. In most cases, this 
type of cracking is predictable, especially if engineers and 
inspectors, knowledgeable in welding issues, are involved 
and specify the proper procedures and apply the necessary 
QA/QC to avoid HAZ cracking. But in some cases this type 
of cracking goes undetected (especially at nozzle and clip 
welds) because of lack of adequate welding process control 
and the surface or volumetric nondestructive examinations 
(NDE) were not adequate to detect the flaws before the 
equipment is installed. When this is the case, and the 
equipment enters a service that may eventually cause 
environmental cracking, e.g. wet hydrogen sulfide cracking, 
then there will inevitably be confusion over which cracks 
were from original fabrication and which cracks may have 
been caused by exposure to service. For that reason, it’s a 
good idea to plan to do the 
appropriate amount and type 
of NDE during fabrication 
that will provide a baseline 
for any future inservice NDE 
that is anticipated. For example, if we expect to do wet 
fluorescent magnetic particle (WFMT) examination during 
the life of the vessel, then we should do WFMT at the 
completion of fabrication to provide the necessary baseline 
for future WFMT. Without these baselines, there will be 
the inevitable confusion, arguments and tough decision 
making as we later try to sort out what might have been an 
original fabrication flaw (and be harmless) and what might 
have occurred as a result of service exposure (and still be 
growing).

Do you specify the correct type and amount of NDE for 
original fabrication to provide the appropriate baseline for 
future inspections?

Casting Defects
Casting defects are an age old problem for our industry 
that seems to be getting worse as foundries in the older 
industrialized world shutdown for economic reasons. As 
this process continues, more and more of our valve, pump 
and fitting castings are starting to come from foundries 
that do not seem to have the same QA/QC of the older 
ones, resulting in badly defective castings, especially with 
some of the higher alloy and more complex castings that 
are more difficult to cast. These castings then can make 
their way into our operating facilities unless we take the 
adequate precautions to eliminate them. Those steps 
include specifying the casting quality (e.g. ASTM standards) 
and an appropriate amount of NDE (including RT) and 
pressure testing to validate casting quality. Witnessing a 
certain amount of API 598 valve testing can also improve 
the quality of received valves. Additionally, be aware that 

the same issues covered above on repair welds can apply 
to repair welds on castings; especially if you are unaware 
that the foundry or fabricator is trying to salvage a defective 
casting by covering up porosity and shrinkage cracking 
with a big glob of weld metal. Some companies are starting 
to add specific higher-quality foundries to their “approved 
supplier” lists, as well as starting to hold valve suppliers 
(in addition to manufacturers) responsible for the quality of 
the products they handle. The really interesting “gotcha” in 
this scenario is that those companies that insist on higher 
quality castings with their specs and QA/QC usually get 
them, while the rejected castings go back into the pool to 
be supplied to other companies that are not paying that 
much attention to casting quality.

Are you getting someone else’s rejected castings in your 
valves and pump cases?

Conclusion
In part 4 of this series I have covered a few of the fabrication 
issues/flaws that can cause degradation and failure of 
pressure equipment in service, but there are several more 
such fabrication issues, which I will cover in later parts 
of this series. Next time, however, I will return to some 

of the numerous corrosive 
“diseases” that can afflict our 
facilities. In the meantime, 
do your risk assessments 

consider all the factors that could possibly or probably 
cause your equipment to fail? Do all your operators have 
the knowledge and understanding of degradation and 
cracking mechanisms that they need in order to help avoid 
pressure equipment failures in your facilities? Remember, it 
does little good for this information to only reside in a select 
few engineers or specialists in your company.

If you have comments or feedback on the 99 Diseases of 
Pressure Equipment, please forward them to me though 
the IJ at: tij@gte.net

Spec breaks are important information to have 
on hand during process hazard analyses (PHA’s)

mailto:tij@gte.net
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Part 5

In previous parts of this series, I have covered some 
environmental cracking diseases, metallurgical degradation 
mechanisms and issues associated with welding. In part 
5, I’m going to cover some external corrosive diseases 
associated with process equipment that can and do cause 
pressure equipment failures, starting with ordinary CUI.

Corrosion Under Insulation (CUI)
CUI may be the most well known and widespread corrosion 
phenomena in our industry. It’s also one of the most difficult 
to prevent because by and large no matter what precautions 
we take, water eventually gets into the insulation and begins 
to do it’s dirty work, sometimes sight unseen until process
leakage occurs. And it’s not isolated to just insulation. 
Corrosion under fire-proofing (CUF) is also prevalent in our 
industry and requires the same type of inspection planning, 
design prevention, and mitigation that is required for CUI. 
For the carbon and low alloy steels, CUI typically occurs 
between 25 degrees F (-4C) and 
250 degrees F (121 C). However, 
there have been numerous cases 
of aggressive CUI reported up 
into the 300+ F range, so it really is a matter of making sure 
you don’t get water into insulation systems below 350 F, 
as the intermittent boiling and flashing that occurs above 
a metal temperature of 212 F (100 C) produces a fairly 
aggressive CUI environment.

CUI corrosion rates are difficult to predict and can be 
somewhat general in nature or more often highly localized. 
Corrosion rates may vary from 1-2 mpy to over 40 mpy, 
depending upon numerous circumstances that should 
be included in the probability of failure analysis of an RBI 
assessment. Effective coatings on the steel surface under 
insulation may last for many years before the coating 
breaks down and corrosion begins. An insulated system 
that lasted for 30 years before a CUI leak may not have 
corroded for 10-15 years (or even longer in some cases) 
before the coating broke down and allowed moisture to 
contact the steel substrate.

Issues that will lead to higher corrosion rates from CUI include: 
marine environments, hot/humid environments, climates 
with higher rainfall, steam tracing leaks, contaminants from 
the atmosphere or from the insulation (such as chlorides 
and sulfides) dissolving in the water, higher temperature 
ranges (just below boiling) where dissolved oxygen is a 
major factor, intermittent wet-dry conditions, systems 
that operate below the typical atmospheric dew point 
(sweating services), insulating materials that hold moisture, 
and insulation system designs that do not allow moisture 
drainage. As you can see from the foregoing, the probability 
of failure side of the risk equation is multifaceted, and 
difficult to predict. It’s not uncommon to strip 10 spots on 
equipment susceptible to CUI and only find one spot with 
significant corrosion. On the other hand, on the equipment 

with higher susceptibility, you can also find significant CUI 
in over half the spots where you strip insulation looking for 
CUI.

API 570, Piping Inspection Code - Inspection, Repair, 
Alteration, and Rerating of In-Service Piping Systems 
provides some excellent guidance on how to determine 
which piping systems are most susceptible to CUI (section 
5.3.3.1). Additionally, the code also provides guidance on 
the most common locations to find CUI (section 5.3.3.2) 
on those systems that are determined to be susceptible to 
CUI. In spite of all the good guidance on where to look for 
CUI on susceptible equipment, it seems like some small 
amount of CUI is almost unpredictable and may be out in 
the middle of a column or in the middle of a vertical rise of 
piping with no insulation penetrations in the vicinity and no 
obvious moisture traps.

There are several inspection tools and techniques that can 
help us determine if we have CUI or CUF without removing 
the insulation, but none are fool-proof and most do not 
provide us with a good understanding of the maximum 
depth of the CUI damage. So often we are faced with the 
old “brutforce” method of simply stripping the insulation off 

the equipment to have a look. 
Unfortunately, this is a time-
consuming, fairly expensive 
work process, especially if the

insulation contains asbestos. The most common NDE 
technique in use for finding CUI without insulation removal 
is conventional radiography (including real-time RT and 
the newer digital RT). Some of the other NDE techniques 
for finding CUI that are in use within our industry include: 
pulsed eddy current (PEC), guided-wave ultrasonics, and
ultrasonic thickness measurements from the inside diameter 
of the equipment. Some other techniques (neutron back 
scatter and infra-red thermography) can also help us to find 
moisture under insulation, which might then help us to find
CUI. But sometimes with these tools we find wet insulation, 
but no CUI; and of course, the converse, we also find CUI 
where the insulation is currently dry, but was clearly very 
wet in the past.

So CUI is a fairly insidious form of corrosion, difficult to 
predict with certainty and difficult to find without 100% 
insulation removal. And for those reasons, CUI continues 
to be a bane for the process industry. But it cannot be 
ignored, as it will eventually produce process leakage 
and the attendant consequences. Hydrocarbon process 
facilities on the Gulf Coast of the US are spending multi-
millions of USD on CUI inspection and mitigation. I’m 
aware of CUI projects at just one facility up to $70 million. 
Most sites have found that catch-up CUI programs need 
to be organized and funded as a project separate from 
run and maintain maintenance; otherwise funding tends to 
“disappear” into other short-term maintenance needs.

Do you know where your higher risk CUI exposure is? And 
do you have the needed resources applied to keeping your 
equipment that is susceptible to CUI safe and reliable?

CUI may be the most well known and widespread
corrosion phenomena in our industry.
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External Chloride Stress Corrosion Cracking 
(ECSCC)
Chloride cracking of austenitic stainless steels (300 series 
SS) is an off-shoot of CUI, and there’s nothing really 
magical about it. If you have insulated solid stainless steel 
equipment operating in the CUI temperature range you are 
likely to eventually experience ECSCC. Good coatings, 
properly selected for the purpose and properly applied will
give you some protection for a period of time, but the vast 
majority of coatings break down after about 10 (5-15) years 
and allow chloride laden moisture to be exposed to the 
surface of the stainless steel. Low chloride insulation and 
well-applied weather barriers will also help avoid the on-set 
of ECSCC. The older version of calcium silicate insulation 
which contained chlorides is especially prone to causing 
ECSCC. Although the temperature range of 140 F (60C) 
to 300F (150C) is likely to be the most active region for 
ECSCC, there are numerous data points reported outside 
of that temperature range (above and below), including 
severe ECSCC of hydroprocess stainless steel piping 
operating well above 600 F (315C). The later was exposed 
to periodic drenching from testing of fireprotection deluge 
systems.

The good news about ECSCC on austenitic SS is that 300 
series SS’s are normally very 
tough steels and chances are 
therefore very likely that you 
will experience a leak before 
break scenario, and that leakage is likely to be small. So 
the potential for a large safety event are reduced over other 
forms of SCC and even less than CUI on carbon or low 
alloy steel equipment. That of course does not mean that 
the chances for catastrophic rupture are zero because if 
the equipment is so extensively cracked with ECSCC, then 
there may be the potential for what the fitness for service 
analysts like to call “plastic collapse”. The bad news is, 
of course, that even small leaks can be hazardous and/or 
produce an undesirable reliability impact.

Inspection methods for ECSCC are normally relegated 
to surface techniques such as liquid penetrant (LPT) or 
specialized eddy current probes.

Does your CUI program/project include inspection planning 
for ECSCC of susceptible stainless steel equipment?

External Corrosion
For purposes of this article, external (atmospheric) corrosion 
is what afflicts process equipment and structural members 
that are not insulated and exposed to moisture associated 
with atmospheric conditions, ie rain, condensation from 
humidity, marine spray, cooling tower mists, industrial 
pollutants, etc. A US federal study indicates that the cost of 

corrosion in our industry in on the order of $30 billion/year 
(1), and I expect that the largest share of that cost is simple 
external corrosion.

As you might expect, corrosion rates range from less than 
1 mpy in dry climates up to 20 mpy in tropical marine 
environments. Industrial environments (especially those in 
rainy humid areas) can cause external corrosion in the 5-
10 mpy range. The good news about external corrosion is 
that we don’t have to contend with insulation to inspect 
equipment. Visual inspection is key to finding external 
corrosion, and it’s usually fairly obvious because of the 
“ugly” corrosion products that accompany the metal 
loss. And if the equipment painting program is being kept 
reasonably up-to-date, external corrosion becomes even 
easier to spot. The bad news is that not all external surfaces 
of piping or vessels is readily exposed to visual inspection 
and external corrosion inspection can become a lower 
priority when compared to many of the 101 other essential 
elements of pressure equipment integrity management. For 
that reason, all three API Codes for inspection of vessels, 
piping and tanks (API 510/ 570/653) require external 
inspection planning at specific intervals or at intervals 
determined by a valid riskbased inspection plan.

However, these requirements do not include all the 
structural steel that is exposed to external corrosion. Just 
last year, an operator at a mid-west refinery fell to his death 
when a safety guard rail broke. The reason for the breakage 
was allegedly due to external corrosion. This reinforces 
the notion that external structural inspections must also 
be planned and executed in addition to external pressure 
equipment inspections, though not necessarily by the same 

group of people.

Does your RBI program 
include the potential for 

external corrosion on structural members as well as process 
equipment?

Soil Corrosion
Soil corrosion (underground corrosion) is another one of 
those extensively researched and documented types of 
corrosion, since so many pipes and pipelines are buried and 
nearly all storage tanks rest on the soil. An entire industry/
technology is associated with preventing soil corrosion 
(cathodic protection). And like external corrosion, soil 
corrosion rates can range from very low to fairly aggressive, 
depending upon the type of soil, the amount of moisture, 
soil contamination, soil resistivity, drainage, and oxygen 
content. Soilto- air interfaces (~12 inches above and below 
grade) are one of the 101 essential elements of pressure 
equipment integrity management because they are so often 
exposed to much higher rates of corrosion than either the 
buried piping or the section above grade because ofcoating 
damage, lack of CP, and increased exposure to moisture 
and oxygen. Just as is the case with CUI and external 
corrosion, properly selected and applied coatings are key 
to soil corrosion control. A combination of a well-designed 
and maintained CP system along with a good coating is the 
best way to control soil corrosion over the long haul. Though 

A US federal study indicates that the cost of corrosion 
in our industry in on the order of $30 billion/year...
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the pipeline industry has a well developed service industry 
for smart pigging of pipelines to detect soil corrosion, the 
process industry has very limited techniques for inspection 
of buried piping and structures. Magnetic Flux Leakage 
(MFL) techniques are becoming well established for tank 
bottom inspection for soil side corrosion; however there is 
no such wellestablished technique for typical buried piping 
that is not designed for pigging. Hence, just as is the case 
of insulation removal for a lot of CUI inspection, digging 
with visual inspection is the primary technique for buried 
piping inspection. Section 9 of API 570, Piping Inspection 
Code, is devoted to inspection of buried piping.

When was the last time you had a soil resistivity test at 
your facility to help determine the potential corrosiveness 
of your soils and your risk of soil corrosion leaks?

Conclusion
In part 5 of this series I have covered a few more of the 
corrosion “diseases” (some of those associated with 
external environments) that can cause degradation and 
failure of pressure equipment in service, but there are a lot 
more corrosion issues, especially those associated with 
process environments, which I will cover in later parts of 
this series. Next time, however, I will cover some of the 
numerous high temperature “diseases” that can afflict 
our facilities. In the meantime, do your risk assessments 
consider all the factors that could possibly or probably 
cause your equipment to fail? Do all your operators have 
the knowledge and understanding of degradation and 
cracking mechanisms that they need in order to help avoid 
pressure equipment failures in your facilities? Remember, it 
does little good for this information to only reside in a select 
few engineers or specialists in your company.

If you have comments or feedback on the 99 Diseases of 
Pressure Equipment, please forward them to me though 
the IJ at: tij@gte.net
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Part 6

In previous parts of this series, I have covered some 
environmental cracking diseases, metallurgical degradation 
mechanisms, issues associated with welding and some 
external corrosion problems. In part 6, I’m going to cover 
some high temperature corrosive diseases associated 
with process equipment that can and do cause pressure 
equipment failures, starting with ordinary metal oxidation 
at high temperatures.

High Temperature Oxidation
High temperature oxidation is not a real common type of 
failure in our industry, but it can and does happen when 
temperatures exceed design maximums. All metals oxidize, 
even at room temperature, and in many cases that slow 
oxidation process actually protects the metal from rapid 
oxidation. Even rusting is a low temperature oxidation 
process. But at higher temperatures, oxidation can proceed 
fast enough to produce excessive scaling and thereby 
inhibit the usefulness of steels and alloys at elevated 
temperatures. For carbon steel the oxidation temperature 
limit is usually in the vicinity of 900F (482C) - 950F (510C) 
range and above the 1000F (538C) -1050F (565C) range 
carbon steel starts to become limited in usefulness as a 
construction material because of excessive scaling over 
time. However, even before we reach these temperatures, 
carbon and low alloy steels are often limited by other high 
temperature metallurgical concerns such as creep rate, 
potential for creep-cracking, short-term tensile overload, 
and some forms of embrittlement like graphitization. 
Temperature cycling and intermittent service exposure may 
also affect the material selection. So oxidation is usually 
NOT the most limiting aspect of high temperature materials 
selection.

For higher temperature oxidation resistance, as well as 
strength, we begin to alloy our steels with chromium and 
molybdenum to increase their usefulness in high temperature 
applications such as furnace tubes, furnace outlet piping, 
hot hydroprocess equipment and catalytic reaction 
equipment. Steels such as 1.25Cr-0.5Mo, 5Cr-0.5Mo and 
9Cr-1.0Mo are three of the most useful and widely available 
low alloy steels for hot services, but there are other specialty 
low alloy steels. Above the temperatures where even these 
steels will scale excessively, we have to keep increasing the 
Cr content and start adding Ni in order to stabilize the oxide 
layer for cyclic services. Some companies make good use 
of 12 & 17 Cr steels up into the 1400 F (760 C) - 1500 F (815 
C) range. For even higher temperature services, there are 
a multitude of high temperature alloys, with the austenitic 
stainless steels being the most widely used. API RP 571 
has an excellent chart providing estimated oxidation rates 
for the most commonly used high temperature steels in our 
industry divided into twelve 50 degree temperature ranges
between 900 and 1500 F. 

Infrared thermography and surface thermocouples are two 
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widely used methods of monitoring for temperatures that 
may exceed design conditions of construction materials. 
When high temperature oxidation failures do occur, it’s 
usually because the excessive scaling 
is not obvious or “hot spots” are not 
obvious. They may be on furnace tubes 
that are not within sight of a furnace view 
port or may be occurring underneath 
external insulation. Refractory linings 
can fail, causing steel pressure retaining 
construction materials to be exposed to excessive 
temperatures. If the OD is insulated, these excessive 
temperatures may not be apparent.

Do you understand and have you assessed your risks of 
high temperature failure with furnace components or other 
equipment operating at high temperatures, especially those 
components that may be inadvertently subjected to higher 
than design temperatures? Catastrophic Oxidation (Fuel 
Ash Corrosion) Catastrophic oxidation can occur when 
certain contaminants are present in a high temperature 
environment, ie inside furnace fireboxes in our industry. 
Those contaminants are typically vanadium pentoxide with 
sulfur oxide or sodium sulfate. When these contaminants 
are present in the combustion atmosphere, liquid slags can 
form on components operating above 1000F (538C) which
can cause exceedingly high rates of corrosion (sometimes 
up to 1000 mpy). If you have this problem, you probably 
already know it because of the high rate of corrosion and 
the glassy, hard slag on the surface of the components 
being inspected. Furnace tubes may not be affected if they 
operate below the molten slag temperature, but support 
structures and tube hangers are often exposed to fuel ash 
corrosion. There are a variety of methods to reduce the risk 
of catastrophic oxidation; several of which are covered in 
API RP 571.

Would your management of change (MOC) process 
catch any changes in fuel oil firing that might introduce 
vanadium contamination into your fireboxes? Does your 
RBI assessment take into consideration the potential for 
fuel ash corrosion?

High Temperature Sulfidation
High temperature sulfidation is probably the most common 
high temperature corrosion nemesis in the refining industry, 
since there are very few “sweet” refineries still in operation. 
Sulfidation corrosion typically is of concern in sour oil 
services starting at temperatures in the 500F (260C) range. 
Up to that point, carbon steels are often acceptable, 
except in the most highly sour environments. In this case, 
“sour” means hydrogen sulfide (or other active sulfur 
compounds) containing oils. And while the corrosion rates 
for sulfidation are “fairly” predictable and “fairly” general, 

in “sour oil boiling and cat cracking” operations, corrosion 
rates are much less predictable, occur at higher rates and 
are more localized when sulfidation occurs in hydroprocess 
operations. As is the case with oxidation, alloying with 
chromium enhances resistance to sulfidation, almost in 
direct proportion to the chromium content when hydrogen 
is not present. With hydrogen present, the lower chromium 
alloys are of less use in resisting sulfidation. The 300 series 
austenitic stainless steels (containing 18%+ chromium) 
have substantial resistance to sulfidation and are often the 

material of choice under the more harsh 
sulfidation conditions, corroding at only 
1-2 mpy even up to ~750F (~400C) 
when hydrogen is not present; though 
their susceptibility to chloride cracking 
at lower temperatures when moisture is 
present means that austenitic stainless 

steels are no panacea for sour oil process equipment.

Most of the industry failures from sulfidation occur for one 
of three reasons:

1) 	Lack of adequate PMI - which means that an 		
	 inadvertent substitution of carbon steel or lower 
	 chromium alloy causes a piping component to fail 		
	 prematurely and unexpectedly. This has been a 
	 repetitive problem in the refining industry, and one 		
	 that I will address at the upcoming API/NPRA 
	 Operating Practices Symposium on October 14 at the 	
	 Anaheim Hilton.

2) 	The second reason is closely related to the first reason, 	
	 and results when piping systems have a mixture of 		
	 higher silicon containing steels (ie silicon-killed) and 		
	 lower silicon containing steels (non-killed). Silicon 
	 content imparts significant resistance to sulfidation 		
	 corrosion for carbon steels in the 500-650F (260-342C)	
	 range. Over the long haul, silicon containing fittings and 	
	 pipe will corrode at significantly lower rates, such that if 	
	 you do not have thickness monitoring locations (TML) on 	
	 each of the low silicon containing components, you may 	
	 be at risk of an unexpected sulfidation failure.

3) 	And the third reason: Process Creep - the gradual 		
	 increase over time in hydrogen sulfide content of 
	 process streams introduced by changing feedstocks. 
	 This situationresults in increasing corrosion rates 		
	 from sulfidation that may be unknown to the inspection 	
	 folks that think that the long term corrosion rates 		
	 that they have been measuring for many years are still 	
	 applicable, when they may not be. This situation can 		
	 be avoided with better management of change (MOC)
	 that effectively communicates increasing sulfur 		
	 components in feedstocks to the inspection group, so 
	 that inspection intervals can be adjusted appropriately.

Do you have adequate PMI & MOC work processes at 
your facility so that your management will not be surprised 
by a premature and unexpected piping failure from high 
temperature sulfidation? Does your RBI team consider 
the possibility of PMI issues (including low silicon content 
steels) contributing to the risk of failure in your hot oil 

High temperature sulfidation is
probably the most common high
temperature corrosion nemesis

in the refining industry,...
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systems? Does your PHA team consider the risk of process 
creep increasing the potential hazard of an incident in your 
hot oil systems?

Carburization
Though oxidation and sulfidation are quite prevalent high 
temperature corrosion mechanisms in many of our process 
units, we now come to a few that are not very common, but 
still deserve some attention to make sure they don’t lead to 
unexpected failures. Carburization involves the absorption 
of carbon into the steel or alloy from the high temperature 
operating environment, typically above temperatures of 
1100F (593C). That means that the carburization is usually 
only a problem with furnace tubes. The carbonaceous 
environment is typically one with high gas phase carbon 
activity involving methane, ethane, carbon monoxide 
or dioxide, and/or hydrocarbon processes with coking 
tendencies. Furnace tube decoking activities often produce 
a carburizing environment. Another way carburization can 
occur is when furnace firing is increased to compensate for 
a heavy coke deposit on the ID of the tube. That increase 
in temperature and the coke adjacent to the tube wall 
can produce a highly carburizing environment. Carbon 
from the carburizing environment enters the surface of 
the steel by what we metallurgists call diffusion causing 
the metal to become embrittled and lose creep resistance 
and toughness. The result is loss of corrosion resistance 
and strength, and becoming more prone to cracking type 
failures.

At this mature stage of our industry, most facilities know 
if they are susceptible to carburization problems, and 
are inspecting for them with eddy current techniques 
and/or techniques based on measurement of increasing 
ferromagnetism of austenitic steels. If tubes are cut out for 
metallographic examination, then hardness testing as well 
as metallography can be employed to detect carburization 
in a cross section of the tube. In the more advanced 
stages, users can apply ultrasonics and radiography 
looking for fissuring and cracks. Some high Cr-Ni alloys 
resist carburization better than lower Cr-Ni alloys in 
ethylene pyrolysis furnaces. There are some proprietary 
surface coatings and micro-finished weld overlays that are 
showing promise in inhibiting coking and carburization. An 
associated problem occurs when trying to replace heavily 
carburized tubes because the carburization reduces 
weldability, though very specialized welding procedures 
can result in sound repair welds.

Do you know if any of your furnaces’ tubes are subject to 
carburization and how to find the problem before it results 
in tube failures?

Decarburization
Decarburization is the antithesis of carburization and 
rarely results in equipment failure. However, surface 
decarburization is often a sign that something more 
serious is going on, ie high temperature hydrogen attack 
(HTHA), which is well covered in API RP 941, Steels for 
Hydrogen Service at Elevated Temperatures and Pressures 
in Petroleum Refineries and Petrochemical Plants. HTHA 

will be covered separately in another article in this series 
where I can devote more space to it. Decarburization can 
also be indicative of improper post weld heat treatment and 
help identify equipment that is fire damaged, as hardness 
testing will reveal a softening of the surface, indicative of 
loss of carbon (iron structure without carbon is relatively 
soft compared to steels with carbides in their structure). So, 
for purposes of RBI, decarburization as a high temperature 
degradation phenomena is somewhat of a non-issue.

Metal Dusting or Catastrophic Carburization
Metal dusting is simply a severe form or extension of 
carburization in which the extensive carbides that form as a 
result of carburization 
lead to grains of 
metal falling out of 
the tube or piping and 
being swept away by 
the process stream. This leaves a heavily pitted looking 
structure along with thinning of the tube/ pipe. Sometimes 
those pits are still filled with a granular deposit of carbides 
that are easily chipped away during inspection and testing. 
An adequate RBI assessment for carburization will cover 
the metal dusting issue, too.

Conclusion
In part 6 of this series I have covered a few more of the 
99 “diseases” (some of those associated with high 
temperature environments) that can cause degradation 
and failure of pressure equipment in service, but there are 
more corrosion and degradation issues. Next time, I will 
cover some of the numerous acidic “diseases” that can 
afflict hydrocarbon process industry facilities e.g. sulfuric, 
hydrochloric, polythionic, carbolic, etc. In the meantime, do 
your risk assessments consider all the factors that could 
possibly or probably cause your equipment to fail? Do all 
of your operators have the knowledge and understanding 
of degradation and cracking mechanisms that they need 
in order to help avoid pressure equipment failures in your 
facilities? Remember, it does little good for this information 
to only reside in a select few engineers or specialists in 
your company.

If you have comments or feedback on the 99 Diseases of 
Pressure Equipment, please forward them to me though 
the IJ at: tij@gte.net

Reference
(1) 	API RP 571, Damage Mechanisms Affecting Fixed 	
	 Equipment in the Refining Industry, First Edition, 		
	 December, 2003.
(2) 	API RP 941, Steels for Hydrogen Service at Elevated 		
	 Temperatures and Pressures in Petroleum Refineries 
	 and Petrochemical Plants, Sixth Edition, February, 2004.
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Part 7

In previous parts of this series I have covered some 
environmental cracking diseases, metallurgical degradation 
mechanisms, issues associated with welding and some 
external corrosion problems. In part 7, I’m going to 
cover some acidic environment “diseases” associated 
with process equipment that can and do cause pressure 
equipment failures, starting with hydrochloric acid 
environments.

Hydrochloric Acid
Corrosion from HCl is a significant problem in many refining 
and chemical process units, and often the materials solution 
to HCl corrosion is rather expensive, since the lower cost, 
more available alloys are usually not resistant to most 
concentrations of HCl. Typically process unit construction 
materials are chosen to resist HCl when the designers 
know where HCl will be present in the process, and at 
what temperature and concentration. The trouble comes 
when low pH HCl fluids show up where they were not 
expected or process changes occur causing unexpected 
HCl corrosion. 

In the refining industry, the most common reason for HCl 
corrosion is dew point formation in the overhead (O/H) of 
distillation towers. Most crudes contain inorganic salts that 
give rise to dew point HCl corrosion, and while effective 
desalting removes the vast majority of these salts (thus 
reducing O/H corrosion), the chlorides from those salts 
that are not removed often end up in the O/H piping, 
exchangers and accumulator vessels as low pH corrosive 
water solutions. Because of the mechanics/ chemistry of 
dew point corrosion, the point 
where the dew point first occurs 
in the O/H steams is normally 
the most corrosive and lowest 
pH. If that point keeps shifting 
upstream or downstream (because of process variations) 
from where it was expected by the plant designers, then 
unexpected leaks can occur.

A similar phenomena can occur at various mix points in 
process streams where chloride contaminated streams 
are mixed with lower temperature, wet process streams 
causing aggressive corrosion with hydrodynamic effects 
at the mix point and just downstream of it. Another fairly 
common source of corrosion from chlorides occurs in 
cat reforming units where chlorides are stripped from the 
catalyst and then migrate downstream in recycle hydrogen 
streams. If chloride beds/ treaters are not present or not 
maintained, then excessive chlorides can break through 

and cause corrosion wherever the dew point is reached 
downstream.

Recently the refining industry has experienced a number 
of cases of severe corrosion from organic chloride 
contamination of process crudes. These organic chlorides 
are not effectively removed during normal desalting and 
often migrate downstream to naphtha hydrotreaters (NHT), 
where they hydrolyze into low pH streams that can cause 
corrosion rates into the 3- 4 digit range, and leaks in 
equipment within a very short period of time. Unfortunately 
these organic chlorides are not easily detected, and are 
not revealed in typical crude assays. But there are effective 
means to test for them and to monitor wash water pH in 
NHT streams.

Prevention of HCl failures involves knowledge of where 
the low pH solutions are likely to exist and selection of a 
number of potential mitigation strategies. These strategies 
include, choosing the right alloys to resist HCl corrosion, 
proper neutralization and/or inhibitor injection, avoidance of 
oxygenates that can cause corrosion of otherwise resistant 
high alloy materials, installation and maintenance of wash 
water systems and monitoring pH of water steams.

HCl corrosion can be both general and highly localized 
depending upon where a dew point may be forming, where 
low pH solutions collect and the presence of hydrodynamic 
effects.

Do you know where your HCl dew points, mix points 
and other HCl containing steams may cause accelerated 
corrosion in your process steams and do you have the right 
mitigation and monitoring strategies in place to prevent 
leaks form HCl?

Hydrofluoric Acid (HFA)
Corrosion in the refining industry from HFA is not as 
widespread a problem as it is with HCl because it is only 
associated with HF Alkylation Units, which are usually fairly 
carefully controlled in order to avoid potential for a toxic 
HFA cloud after a leak. However, that said, HF Alky Units 

also can have problems with 
process control that results in 
wet acid carryover into carbon 
steel sections, which were 
never intended to be exposed 
to HFA, of the plant that 

results in corrosion and leaks. Whenever the temperature 
of the acid phase exceeds 150 F or water content of the 
acid exceeds 3% (or some combination thereof), there is 
the likelihood of higher corrosion rates on carbon steel 
equipment. In areas prone to corrosion on carbon steel, 
Alloy 400 is widely used with success, if oxygenates are 
minimized. Alloy 400 is also resistant to hydrogen blistering 
and cracking associated with HFA processes, but that 
topic will be covered separately. Carbon steel areas prone 
to corrosion include flange faces, deadlegs, overhead 
systems, and some heat exchanger bundles. One of the 
interesting aspects of HFA corrosion on carbon steel is 
that corrosion rates can vary considerably depending on 

If chloride beds/treaters are not present or not
maintained, then excessive chlorides can break 

through and cause corrosion...
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the residual elements content of the steel. Some evidence 
exists that the total % of Cu, Ni, and Cr need to be below 
0.20% in order to avoid accelerated corrosion of carbon 
steel in specific parts of the plant. API RP 751, Safe 
Operation of HFA Alkylation Units (2) is a good reference 
on the subject.

For those that operate HFA Alkylation Units, are you 
closely monitoring the susceptible areas on carbon steel 
equipment and piping that may be prone to higher than 
expected corrosion rates if process conditions are not as 
the designers thought they would be?

Naphthenic Acid
Problems with naphthenic acid corrosion (NAC) are nearly 
as old as the refining industry. The first paper on the topic 
that I knew about was written by one of my early industry 
supervisors over 40 years ago.(3) So, one might expect 
that at this point we would know most of what there is 
to know about NAC. Wrong! We’re learning more each 
passing year (largely initiated by practical experience with 
higher operating severities). Different crudes and different 
process cuts behave differently depending upon Total Acid 
Number (TAN), actual organic acid content, temperature, 
sulfur content and stream velocity. Some companies are 
experiencing NAC downstream of the long known NAC 
havens in crude and vacuum flasher units (VFU), especially 
in various streams in Delayed Coking Units. In several 
process streams, the old 
rule of thumb limits of 0.50 
TAN and temperatures 
above 425 F (218 C) before 
you have significant NAC 
problems don’t seem to apply any more. Some low sulfur 
crudes with TAN’s of only 0.10 can give rise to significant 
NAC and in some process steams significant NAC has been 
experienced at temperatures as low as 350 F (177 C). 

Unlike many acid corrosion problems, NAC is associated 
with dry hydrocarbon streams (no water phase). There are a 
variety of organic acids associated with naphthenic acids in 
different crudes, and each can have a different impact on the 
actual corrosion rates experienced. Though sulfur in crude 
promotes the passivity and thus has an inhibiting effect on 
NAC, naphthenic acids remove the protective sulfide scales, 
and typically result in a very localized type of corrosion, 
which is difficult to find during external examinations of 
equipment. And though NAC damage is typified by dozens 
of small localized “pock marks” and grooving type corrosion 
surrounded by full thickness material, some lower alloys can 
corrode by general thinning. Velocity and turbulence are big 
issues with regard to NAC rates, including the flash zones of 
VFU’s, areas of two phase flow, weld profile discontinuities, 
piping components, thermowells and pumps. Typically the 
higher the temperature of the hydrocarbon stream (up to 
800 F (427 C), the more severe the NAC will be, up until 
the streams move into cat crackers and hydroprocess units 
where the organic acids are destroyed.

Mitigation of the NAC is typically done in one of two 
ways or a combination of them. Upgrading construction 

Unlike many acid corrosion problems, NAC is associated
with dry hydrocarbon streams (no water phase).

materials with increasing amounts of Molybdenum is most 
effective, with type 316 and 317 stainless steels offering 
good resistance under most circumstances where low alloy 
steels no longer offer cost effective resistance. However, 
when conditions are particularly severe for NAC, upgrading 
to 6% Mo alloys has provided resistance. The other main 
mitigation method is crude and process cut blending to 
stay below a certain preset TAN in the crude or process 
cut. Some companies have also tried NAC inhibitors. All 
of the known mitigation strategies are pulled together in a 
model called CORAS, offered by Shell Global Solutions to 
help find the most cost effective way to process high TAN 
crudes.

Would your management of change (MOC) process flag 
higher TAN crudes and purchased cuts for analysis of 
mitigation and inspection strategies before you experience 
leaks from NAC? Does your RBI process focus the 
necessary attention on TAN and other process variables for 
each process stream in your crude, vacuum flasher and 
coking units?

Sulfuric Acid
Unlike NAC where we’re still on a learning curve, the 
knowledge of corrosion by sulfuric acid has not changed 
much in the last quarter century, and there are many good
references for it included in API RP 571(1). In the refining 
industry the most common place to experience sulfuric 

acid corrosion is in sulfuric 
acid alkylation units where 
process control or water 
contents of acids deviates 
from design operation. Some 

operators of sulfuric acid alky units have long believed 
that because of the sulfuric acid catalyst, that leaks are 
just part and parcel with the operation of such units. We 
now know that that just isn’t true. With rigid control of acid 
concentration, fluid velocity, temperature and the avoidance 
of acid carryover, these units can be operated reliably with 
high integrity.

While much of a sulfuric acid alky plant can be constructed 
cost effectively out of carbon steel, there are a few places 
where upgrades to 316L, Alloy 20, and even Alloy B-2 
and C276 may be needed. As with HFA alkylation units, 
sulfuric acid carryover into equipment and piping systems 
that were not constructed to resist sulfuric acid at certain 
concentrations and temperatures can lead to higher than 
design corrosion rates. Reactor effluent lines, reboilers, 
deisobutanizer overheads, caustic treating systems, and 
flare lines seem to be most vulnerable.

Though corrosion from sulfuric acid is often general thinning, 
it can also be highly localized to weldments (especially 
HAZ), crevices and liquid vapor interfaces, as is often the 
case in flare lines because of the ingress of oxygen. It is 
not uncommon to see a knife-like line of corrosion at the 
tops of lines carrying concentrated sulfuric acid and at 
elbows, especially where maximum allowable velocities are 
exceeded. These types of localized corrosion are difficult 
to detect with point ultrasonic thickness measurements 
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and require volumetric examinations such as raster pattern 
UT “B” or “C” scans.

When you do RBI on sulfuric acid containing systems, 
does the RBI team discuss all the possibilities for where 
corrosion might accelerate due to temperature excursions, 
fluid velocity increases, and acid concentrations below 
design minimums?

Phosphoric Acid
Corrosion from phosphoric acid is another “old knowledge” 

corrosion issue 
that effects only a 
few processes in 
the chemical and 
hydrocarbon process 
industry. In refineries 

it is largely associated with polymerization units using 
phosphoric acid as a catalyst. Dry phosphoric acid catalyst 
is not corrosive to carbon steel but that changes dramatically 
when free water is present. For nearly all acidic corrosion, 
water content and temperatures are keys to understanding 
how aggressive the corrosion is likely to be. Wet phosphoric 
acid can corrode carbon steel at thousands of mils per year. 
Where water is present, upgrading to 304L, 316L, or Alloy 
20 may be necessary largely depending on temperature. 
Corrosion can often be found in dead zones and crevices
where wet acid can drop out.

Conclusion
In part 7 of this series I have covered a few more of the 
99 “diseases” (some of those associated with acidic 
environments) that can cause degradation and failure of 
pressure equipment in service, but there are plenty more 
corrosion and degradation issues. Next time, I will cover 
some of the numerous environmentally assisted cracking 
“diseases” that can afflict hydrocarbon process industry 
facilities e.g. cracking from amines, hydrogen, carbonates,
wet hydrogen sulfide, etc. In the meantime, do your risk 
assessments consider all the factors that could possibly or 
probably cause your equipment to fail? 
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Part 8

In previous parts of this series, I have covered many 
corrosion and degradation issues, some environmental 
cracking diseases, metallurgical degradation mechanisms, 
issues associated with welding and some external corrosion 
problems. In part 8, I’m going to return to some more 
environmentally-assisted cracking “diseases” associated 
with process equipment that can and do cause pressure 
equipment failures, starting with HTHA:

High Temperature Hydrogen Attack (HTHA)
HTHA falls into multiple categories of corrosion mechanisms, 
including environmentally assisted cracking, hydrogen 
assisted cracking, and high temperature degradation. 
Sometimes HTHA is confused with low temperature 
hydrogen cracking mechanisms that result from hydrogen 
being driven into steels by aqueous corrosion reactions. 
But on the contrary, HTHA only occurs with exposure to 
hydrogen at elevated temperatures (at least 400F / 204C),
under dry conditions, when hydrogen disassociates into 
nascent (atomic) hydrogen, which is then driven into the 
steel by the temperature and pressure of the environment. 
That atomic hydrogen then reacts with unstable carbides in 
steel to form methane gas, which then causes gas pockets 
to form which leads to fissuring, blistering and cracking. 
HTHA affects carbon and low alloy steels, but is most 
commonly found in carbon steel and carbon -1/2 Mo steel 
that are operating above their corresponding Nelson curve 
limits. Those curves, plus much more valuable information 
on HTHA are found in the sixth edition of API RP 941(2). 
If you are still relying on an older edition, you may need 
to get an updated copy because this standard has been 
updated substantially, and most recently to include much 
better information on inspection techniques.

The three most common reasons for HTHA in service are 
firstly that older C-1/2Mo equipment designed to previous 
editions of API 941 may be still operating at too high of a 
pressure/temperature for the new downward revised limits 
of exposure for the steel. Several years ago, the industry 
started to experience HTHA failures with C-1/2Mo steels 
below their corresponding Nelson curve limit, ie in what 
was thought to be the “safe zone”. After numerous failures, 
testing, and data collection, the Nelson curve limit for 
the C-1/ 2Mo steels was substantially reduced and even 
eliminated for new construction. 

A second reason for experiencing HTHA involves equipment 
being designed for service at the limits of the various steels 
for allowable stress as specified by ASME, without due 
consideration for their limits for exposure to hydrogen at 
operating temperatures, ie without sufficient advice from 
a competent materials engineer. And a third reason is that 
operations may not have a properly specified integrity 
operating window IOW) established by materials engineers, 
and may operate equipment at temperatures and pressures 
that it was not designed to withstand, ie not knowing that 
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they are damaging the equipment. This can also happen 
during so called “end of run” conditions when catalyst 
activity is declining and therefore temperatures and/or 
pressures may be increasing. HTHA is a time-temperature-
pressure function, which basically means the longer that 
a piece of equipment is exposed to temperatures above 
it’s resistance limit in a certain hydroprocess environment, 
the more damage to the steel will accumulate; and the 
higher the temperature rises above the limit of the steel, the 
more rapidly the damage will occur. Sometimes damage 
is isolated to certain areas, e.g. weldments, HAZ, and 
sometimes it is of a more general nature, ie it’s not entirely 
predictable where it will occur and it could be scattered 
throughout the equipment. Typically we look first at the 
areas which are hotter, which is often near the outlet nozzle 
of catalytic equipment, or perhaps the hotter inlet nozzle of 
an exchanger that is cooling the process. We also focus our 
inspection techniques on welds, which seem to degrade 
preferentially in many cases.

To avoid HTHA, one need only to choose the right steel 
to resist the combination of hydrogen partial pressure and 
temperature, or adjust the operating conditions to stay 
below the Nelson curve limit for the existing materials of 
construction. Typically, as we increase the alloy content e.g. 
Cr content of the steel, in order to stabilize the carbides, 
the more resistance to HTHA we obtain. Additionally some 
benefit is obtained from 
austenitic stainless steel 
cladding or overlay welding, 
which is commonly applied to increase the sulfidation 
resistance of equipment in hot sour hydroprocessing 
environments. 

Inspection techniques for HTHA have improved considerably 
in recent years. We now use a combination of volumetric and 
surface techniques. Surface techniques are used for finding 
advanced stages of HTHA at the surface, ie fissuring and 
cracking. Our surface techniques include WFMT, MT, and 
in-situ metallography, e.g. field metallographic replication 
(FMR). Automated ultrasonic backscatter testing (AUBT), 
which uses a combination of velocity ratios, frequency 
dependent backscatter and spectral analysis is used for 
finding earlier stages of HTHA. And for sizing and detection 
of fissuring and cracking from HTHA below the surface, we 
use time of flight diffraction (TOFD).

Do you have the proper IOW’s established for all your 
equipment operating in hydroprocess service at elevated 
temperatures, and does your RBI plan include the proper 
inspection techniques and frequency for equipment that 
may be exposed to HTHA?

Polythionic Acid Cracking (PTA or PTA SCC)
PTA is an affliction of many refineries processing sulfur 
containing feedstocks, and since that is the norm these 
days, most refiners reduce their susceptibility to PTA SCC 
by selecting resistant alloys or by neutralizing exposed 
surfaces during shutdowns. PTA SCC occurs when 
sensitized stainless steels that have been in service, crack
intergranularly after exposure to air and moisture, often 

during shutdowns. And that’s one of the most interesting 
aspects of PTA SCC, that is, that it typically does not occur 
during normal processing, but after equipment is shutdown 
and opened up for inspection, ie when moist air contacts 
the surface of equipment that has been exposed to sour 
hydrocarbons in service.

Certain types of 300 series stainless steels that are exposed 
to elevated temperatures between 800F (427C) and 1700F 
(927C) during manufacture, fabrication (especially welding), 
or even in process environments (like furnace tubes), can 
become sensitized, which means their crystalline structure 
changes such that they become susceptible to intergranular 
corrosion. PTA SCC is just one type of intergranular corrosion 
that affects sensitized stainless steels. The commonly 
used types of stainless steels, 304/304H and 316/316H are 
particularly susceptible, whereas the stabilized grades like 
321/347 and low carbon grades 304L/316L are much less
susceptible. Where we have equipment in service with 
some susceptibility to PTA SCC, then a common form of 
“prevention” is to do a soda ash wash of the equipment 
before or right after it is exposed to air and moisture, e.g. 
opened for inspection during a shutdown. NACE has some 
neutralization guidelines in RP0170(4). For furnace tubes, 
that have been exposed to firing conditions with sulfur 
laden fuels, the firebox can be kept slightly heated during 
shutdowns to avoid dew point formation, provided of course 

there is no need to enter 
the firebox for inspection or 
maintenance.

PTA SCC is one of those age old problems that refiners 
have faced since time immemorial, so steps are usually 
taken to prevent it. But it still happens from time to time. 
Why? For several reasons. Perhaps an inexperienced 
engineer selects the wrong material, or the right material 
is specified but not delivered or installed, e.g. sensitized 
exchanger tubes. Equipment can be sensitized during 
manufacture and fabrication without the end user knowing 
it. Adequate checks and QA/QC are required to make sure 
that we don’t inadvertently install sensitized equipment. 
When soda ash washing is required to reduce exposure 
to PTA SCC, there could be cases where the washing is 
inadequately accomplished or even inadvertently left out of 
the planning or execution of the shutdown.

PTA SCC is fairly easy to find with penetrant testing. 
Sometimes it finds you by leaking e.g. pipe or HE tube 
leaks. Welds are typically most susceptible because 
welding heating and cooling rates can cause significant 
alloy sensitization.

Do you still have exposure to PTA SCC in your refinery 
because of sensitized stainless steels operating in sulfur 
compound containing hydrocarbon processes?

Hydrogen Stress Cracking
Hydrogen stress cracking occurs when corrosion from acids 
like wet hydrogen sulfide or hydrofluoric acid (HF) cause 
atomic hydrogen to penetrate hardened or higher strength 
steels and cause stress cracking. Steel hardness, strength 

HTHA is a time temperature pressure function...
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and stresses present are the critical factors determining 
susceptibility. When hydrogen stress cracking is a threat, 
equipment is often preheated and/or postweld heat treated 
to reduce hardness and residual stress levels. Typically a 
maximum of 200 HB is specified for normal carbon steels 
in hydrogen stress cracking environments; and hardness 
should be checked after PWHT. Keeping the carbon 
equivalent below 0.43 is also helpful. Bolting materials 
such as B7M, which is softer than the standard B7 bolting 
material, is also more resistant to hydrogen stress cracking, 
and is especially important for internal bolting materials like 
those on floating heads of exchangers in sour service.

Zones of high hardness, which are susceptible to hydrogen 
stress cracking, can sometimes be found in the cover pass of 
welds, because they are not tempered by subsequent weld 
passes. Another cause of cracking occurs when metals or 
welds which contain higher amounts of residual elements 
(that can increase HAZ hardness) are exposed to hydrogen 
stress cracking environments. 
Because hydrogen stress cracking is 
nearly always a surface phenomena, 
most any typical surface NDE is 
sufficient to find such cracking, and
it’s not unusual for the cracks to be clearly visible to the 
naked eye, especially those that are transverse across a 
weld cap. Hardness testing can find welds and bolting 
material that will likely be more susceptible to hydrogen 
stress cracking.

Those sites processing wet hydrogen sulfide and/or HF are 
familiar with the problem and usually take steps to avoid 
hydrogen stress cracking. But the problem tends to recur 
when the specified preheating or PWHT are not carried out 
at sufficiently high temperatures to reduce hardnesses and 
the corresponding strength of weldments; or where steels 
and weldments with residual hardening elements creep 
into fabricated or repaired equipment.

Do you have a sufficiently robust maintenance and 
construction QA/ QC program to preclude the fabrication 
of equipment with high hardnesses or high strength bolting 
for services where hydrogen stress cracking is a potential 
threat?

Amine Cracking
Amine cracking is a form of stress corrosion cracking, 
which is related to alkaline and carbonate stress corrosion 
cracking. Amine cracking is often intertwined with wet 
H2S and carbonate cracking, as amines, carbonates 
and wet sulfides often exist together in amine treating 
systems. Postweld heat treatment (PWHT) is an effective 
means of mitigating amine cracking, so this affliction is 
most commonly associated with equipment handling 
lean amine solutions that has not been stress relieved or 

may have been inadequately stress-relieved. That would 
include contactors, absorbers, strippers, regenerators and 
accumulators as well as any equipment that is subject to 
inadvertent amine carry over or steam cleaning in preparation 
for maintenance. Though cracking is most often associated 
with non-stress relieved weldments (especially the HAZ), it 
can also affect non-stress relieved base metals that have 
been cold worked and not PWHT’d, e.g. bent pipe/tube, 
knuckle region of formed heads, and formed plate.

An interesting feature of amine cracking, as is often the 
case with stress corrosion cracking, is that cracks are 
usually radially projected from set-on nozzles, while they 
follow the HAZ of set-through nozzles, as well as circ and 
long seams. Amine cracking is more prevalent in MEA 
and DEA systems, but can also occur in MDEA, DIPA, 
and ADIP systems. Critical causal factors include stress 
level, temperature and amine concentration, and though 
cracking has been reported under some circumstances at 
ambient temperatures, it is more prevalent with increasing 
temperatures, depending upon solution concentration. 
API RP 945(3) provides guidance on PWHT of equipment 
to avoid amine cracking. Austenitic stainless steels and 
alloy 400 are resistant to amine cracking. Since cracks are 
normally surface breaking, most properly applied methods 

of surface NDE will find the cracks, 
though PT may miss tight-fine amine 
cracks.

Do you have non-PWHT’d equipment 
in your amine systems that might be susceptible to amine 
cracking, especially from steam out or inadvertent carry 
over of amines?

Corrosion Fatigue (Deaerator cracking)
Corrosion fatigue is closely related to mechanical and 
vibration fatigue cracking, except that it is initiated and 
accelerated by a corrosion mechanism, especially one that 
gives rise to pitting, from which cracks often initiate. But 
that corrosion mechanism need not be very severe in order 
to give rise to corrosion fatigue. Probably the best known 
case of corrosion fatigue, in a lightly corrosive environment, 
stems from deaerators in boiler systems. In the late 80’s, 
a number of serious cases of deaerator failures (some 
including fatalities) occurred in the pulp and paper and 
petrochemical industries, giving rise to significant research 
and field inspection efforts to find and understand the 
cause of the failures. High residual stresses and significant
stress raisers were two big factors in the cause of 
corrosion fatigue. Now most of the industry takes steps 
to more carefully control the chemistry of boiler feedwater 
and condensate, as well as reducing stresses and stress 
concentrations with PWHT and contour grinding of weld 
irregularities for new deaerators. Mitigation of corrosion 
fatigue can also include upgrading to more corrosion 
resistant alloys and use of coatings to reduce corrosion.  
Corrosion fatigue is not isolated to deaerators, and can 
occur in any environment with any material of construction 
that has sufficient cyclic stresses, corrosion pitting, and 
stress raisers. Equipment and piping closely associated 
with rotating machinery can be susceptible, as well as 

Inspection techniques for HTHA have
 improved considerably in recent years.
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other equipment that is exposed to significant pressure or 
thermal cycles.

Corrosion fatigue cracking can be found with effective 
surface NDE techniques, but WFMT is usually used on 
deaerators because the multiple cracks may be tight and 
fine. Typically corrosion fatigue cracks are not branched, 
like you find in many cases of stress corrosion cracking, 
but have multiple parallel cracks.

Do you have an effective inspection and possible 
mitigation program for your deaerators and have you 
identified any other equipment that might be susceptible to 
corrosion fatigue because of cyclic stresses in a corrosive 
environment?

Conclusion
In part 8 of this series I have covered a few more of the 
99 “diseases” (some more of those associated with 
environmentally-assisted cracking) that can cause 
degradation and failure of pressure equipment in service; 
but there are plenty more corrosion and degradation 
issues. Next time, I will cover some more of the corrosion 
mechanisms associated with water and aqueous solutions, 
e.g. boiler feed water, cooling water, flue gas dew point, 
condensate corrosion, atmospheric corrosion, MIC, etc. 
In the meantime, do your risk assessments consider all 
the factors that could possibly or probably cause your 
equipment to fail?
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Part 9

In previous parts of this series, I have covered many 
corrosion and degradation issues, some environmental 
cracking diseases, metallurgical degradation mechanisms, 
issues associated with welding and some external 
corrosion problems. In part 9, I’m going to cover some 
more “diseases” associated with process equipment that 
can and do cause pressure equipment failures; this time 
different types of corrosion by different types of waters and 
other aqueous solutions, starting with boiler feed water 
corrosion:

Boiler Feed Water Corrosion
Boiler feed water (BFW) corrosion is mostly the result of 
dissolved oxygen in the feedwater, but is also related to 
the quality of the BFW and the quality of the treatment 
system. If the treatment system is effective, then a layer of 
iron oxide (magnetite) will provide the protection needed to 
minimize boiler corrosion. If the treatment is not effective 
or the quality varies from time-to-time then pitting type 
corrosion can occur in the entire front end of the boiler, 
including the treating system, deaerator, feedwater lines/
pumps, and preheat coils. Higher pressure and temperature 
boiler systems tend to be 
more difficult to control 
to the specifications 
required for minimizing 
BFW corrosion. Chemical 
treatment for scale and 
deposit control must be 
tuned to coordinate with the oxygen scavenger (typically 
sodium sulfite or hydrazine) and tuned for the specific 
water quality and BFW treating system. Routine water 
analysis is the best monitoring tool to make sure that 
treatment systems are functioning properly. There is no 
economical or effective pro-active inspection method for 
BFW corrosion. Ineffective BFW treatment usually reveals 
itself with leaks or tube ruptures in the water sections of the 
boiler. Be careful not to let your BFW treatment program 
become “out-of-sight - out-of-mind”, as it will surely “bite 
you” if it does. The other related problem that occurs in 
BFW systems (especially deaerators) is corrosion fatigue 
(covered separately).

Do you know if your BFW treatment is economical and 
effective 100% of the time? If not, you may pay the price in 
reduced boiler reliability.

CO2 and Condensate Corrosion
Carbon dioxide corrosion is most typically found in boiler 
condensate return systems that are not adequately treated 
with corrosion inhibitors (typically amines). Dissolved 
CO2 in condensate forms carbonic acid (H2CO3) which 
corrodes steels and low alloys to form a iron carbonate 
scale. In quiescent solutions, the iron carbonate is actually 
protective, but as velocity and turbulence increase, the 
soft scale is easily scoured off the surface of the steel to 

Routine water analysis is the 
best monitoring tool to make 
sure that treatment systems

are functioning properly
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expose the underlying metal to high rates of corrosion. As 
with the case of BFW corrosion, water analysis is the best 
way to detect condensate problems that may lead to leaks 
in condensate return systems. Radiography or ultrasonic 
thickness measurements on the bottom of condensate 
piping and on the back side of elbows or other areas of 
higher velocity and/or turbulence may also detect localized 
thinning typical of condensate corrosion. Where corrosion 
inhibition fails to control steam condensate corrosion, selected 
upgrading to 304 SS is very effective in minimizing corrosion, 
as long as you don’t get into a chloride cracking regime.

CO2 corrosion is also a problem in oil and gas production 
flow lines and several petrochemical process systems 
where carbon dioxide laden condensate forms (also 
called dew point corrosion), especially in steam methane 
reformers (hydrogen plants). In SMR’s, high velocity, hot 
shift gases, containing significant quantities of CO2 and 
condensing steam impinge on 
heat exchanger tube sheets, 
channels, and knockout pots. 
Once again, upgrading various 
affected components to 304 SS is effective in minimizing 
corrosion.

Do you know where the potential for CO2 corrosion exists 
in your plants and are you controlling the process or steam 
condensate effectively, continuously to minimize leaks?

Cooling Water Corrosion
Cooling water (CW) corrosion may be the oldest form of 
corrosion in the petrochemical industry, yet the industry still 
struggles with it for two primary reasons:

• 	 One, the change from chromate treatments to 		
	 phosphates was problematic for many operating sites, 
	 and two,

• 	 Cooling water corrosion control sometimes slips to 		
	 a lower priority operating quality issue until it starts to 		
	 noticeably impact process reliability and turnaround 
	 costs.

And one of the oldest maintenance problems in the industry 
is deciding when to clean and/or retube CW exchanger 
bundles. Too late, and you risk leaks, process economics 
and reliability impacts. Too soon and you waste money 
removing tubes that would last another run or cleaning 
bundles that don’t really need it. It takes dedicated, 
continuous efforts to
track bundle service lives and heat exchanger performance 
in order to know the right time to clean or retube CW 
bundles, but because of the expense of not doing it right, 
it’s worth it.

Cooling water corrosion control is simply a matter of 

proper design, continuous maintenance of high quality 
water treatment, and proper operating practices. Definitely 
not rocket science. If one or more of these management 
systems breaks down, then you are likely to suffer the 
consequences associated with higher corrosion and/or 
fouling rates.

Cooling water corrosion and fouling are closely related and 
should be considered together. Critical factors in controlling 
both include: process and CW temperatures, heat flux, 
water velocity, type and quality of water (salt, brackish, 
fresh) and type of cooling system. Increasing process 
side temperatures or cooling water outlet temperatures 
typically will increase corrosion and fouling rates. Generally 
if the process side temperature is above 140F (60C), then 
there’s a potential for scaling on the water side. With very 
few exceptions, the CW needs to be on the tube side to 
minimize corrosion and fouling. Fluid velocity in the tubes 
needs to be high enough to avoid dropping out deposits 
(typically ~3+fps) and low enough to avoid erosion-corrosion 
problems. Corrosion in CW exchangers can manifest itself 
as general thinning, pitting, stress corrosion cracking 
and microbiologically induced corrosion (MIC) (covered 
separately). Electric resistance welded (ERW) tubes will 
sometimes suffer localized weld attack, especially if the CW 

quality is less than desirable.

Metallurgical upgrades may be 
necessary (and the economic 

choice) under some circumstances, especially where fluid 
velocities cannot be adequately controlled, process or 
CW temperatures are too high, or water chemistry is not 
good. Depending upon circumstances, those metallurgical 
upgrades may be to copper alloys (Admiralty brass or 
cupro-nickel alloys), duplex stainless steels, or austenitic 
stainless steels where chloride cracking or pitting is not a 
compounding problem. Corrosion in exchanger channels 
and floating heads can often be adequately controlled with 
a high quality coating system and/or installed sacrificial 
anodes, but both tend to be high maintenance corrosion 
prevention systems and need to be carefully planned and 
controlled.

Do you have a good understanding of the CW bundle 
service lives in each of your cooling water exchangers, 
as well as bundle performance (U-factor calculations over 
time), such that you truly understand the economics and 
reliability of your cooling water exchangers?

Microbiologically Induced Corrosion (MIC)
MIC is caused by biological growth, i.e. organic slime 
(typically bacteria, algae, and fungi) in water under low 
flow or stagnant conditions. The industry experiences it in 
cooling water systems, piping, vessels and storage tank 
bottoms where the conditions are ripe for it. MIC manifests 
itself as pits, often under deposits, tubercles, or slime. These 
pits sometimes have the unique characteristic (which often 
makes MIC readily identifiable) of subsurface “caverns” 
that are larger than the pitted opening to the surface. 
The MIC “bug” can affect most any type of construction 
material, but is most often a problem with carbon steel and 

Cooling water corrosion and fouling are closely
related and should be considered together.
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300 series stainless steel, partially because those are the 
two most common construction materials. Not infrequently 
MIC strikes when equipment that has been hydrotested 
is not completely drained and dried and kept dry before 
installation or use. An effective specification, procedure 
and management system
is necessary for hydrotesting in order to make sure that 
those involved know that the MIC “bug” is waiting to bite 
the uninformed.

One of the reasons MIC is so insidious is that it can “drill 
through” a pipe or tube in a matter of days or weeks, if 
equipment is left with stagnant, untreated water in it. 
Imagine your unhappy surprise when a piece of equipment 
that was
hydrotested 6 weeks ago is now ready to be put in service 
and in so doing, it sprays liquid out like a shower nozzle. 
Aluminum, 300 series SS’s, brass and carbon steels are 
especially vulnerable to MIC. As you might expect, the 
proper treatment for preventing MIC in water systems is 
the application of biocides that kill the organic compounds. 
Now you know, if you didn’t already, the primary reason why 
chlorine or chlorinated compounds are added to CWT’s. 
The MIC bugs thrive when their CWT’s are inadvertently 
contaminated with hydrocarbons, or when someone 
temporarily stops the chlorination without knowing the 
potential consequence of their actions. Firewater systems 
that are not adequately treated with biocides often give rise 
to MIC, especially when firewater is used for hydrotesting 
and the equipment is not adequately drained and dried.

Are all the right people at your facility aware that though-
wall pitting penetration by MIC can happen very rapidly 
under stagnant water conditions in storage tanks, and 
in equipment left with standing water (with biological 
contamination) after hydrotesting and during temporary 
shut downs?

Flue Gas Dew Point Corrosion
Most all flue gases produced by the combustion of 
fuels contain contaminants that can condense into acid 
droplets. The amount of contaminants will determine the 
concentration of the acid droplets. Most commonly those 
contaminants are sulfur or chlorine compounds, and the 
resulting condensate is sulfuric, sulfurous or hydrochloric 
acid.

When these aggressive acids condense on carbon and 
stainless steels in convection sections, flue ducts and 
stacks, the result can be severe and rapid dew point (DP) 
corrosion. Hence the industry needs to avoid this acidic 
condensate, use more resistant construction materials or 
limit the contaminants in heater/ boiler fuels. The latter is 
not easy to do, since most fuels contain sulfur compounds 
and some are contaminated with chlorides; and of course 
the most economical fuels are often the most contaminated 
ones.

The amount of contamination and the temperature of the 
exposed metal surfaces will relate to the amount of corrosion 
experienced. Sulfuric acid droplets typically begin to form 
at about 280F (138C) in flue gases, while hydrochloric 

acid condenses in flue gases at about 130F (54C), both 
depending upon the concentration of the contaminants in 
the flue gas. While the sulfuric acids generally produce an 
aggressive DP corrosion of equipment, the hydrochloric 
acids can also produce stress corrosion cracking when 
300 series SS’s are involved. So most often the prevention 
for flue gas DP corrosion is to maintain the surface metal 
temperatures of exposed equipment above the DP or to 
protect the cooler surfaces with a coating that is resistant to 
the acidic condensate and will withstand the temperatures 
to which it’s exposed.

Would you invoke a management of change (MOC) 
procedure if you were changing heater/boiler fuels that might 
have different levels of contaminants or if you were going to 
the change the process in any way that could change the 
likelihood of fuel gas DP corrosion or areas in your heaters 
that may be susceptible to dew point corrosion?

Conclusion
In part 9 of this series I have covered a few more of the 
99 “diseases” (some of those associated with water) that 
can cause degradation and failure of pressure equipment 
in service; but there are plenty more corrosion and 
degradation issues. Next time, I will cover some more of 
the degradation mechanisms associated with metallurgical 
aging, e.g. temper embrittlement, strain aging, sigma phase 
embrittlement, spheroidization, creep, etc.

References:
(1) 	API RP 571, Damage Mechanisms Affecting 
	 Fixed Equipment in the Refining Industry, First Edition,
	 December, 2003.
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Nozzles and other components with high tri-axial loading 
on some catalytic reformers have been susceptible to 
creep cracking and low creep ductility. While furnace 
components, e.g. tubes, supports, hangers, etc. most 
commonly experience creep damage, “cold-shell” 
designed equipment that is normally protected by refractory 
can suffer “surprise” creep damage when the refractory 
protection deteriorates. Dissimilar metal welds (DMW) are 
also susceptible to creep damage (e.g. ferritic to austenitic 
welds) because of the high localized stresses generated by 
differential thermal expansion. 

Inspection for creep damage is not as straight-forward as 
for many other of the “99 Diseases”, and may require a 
number of techniques to be used in combination. Perhaps 
the most widely known inspection method is the use of ring 
(go-no go) gauges for bulges in furnace tubes, commonly 
sized for 1- 3% bulging, depending upon the material and 
design conditions. However, as mentioned above, some 
materials, e.g. HK-40 tubes and other cast austenitic alloys 
show low creep ductility and therefore may not bulge 
significantly before failure. In such cases, a combination of 
surface and volumetric NDE may be required, along with 
metallographic samples (destructive or non-destructive) 
to verify the presence of creep voids, creep fissures, and 
creep cracking (the three physically detectible stages of 
creep failure).

Have you identified all your equipment that does (or might) 
operate in the creep range 
and specified the appropriate 
inspection program for that 
equipment; and have you 
set the appropriate IOW’s 

for that equipment so that operators know what to do when 
standard and critical limits are reached and why they must 
not be exceeded?

Spheroidization
Spheroidization is a rather technical term that describes 
a metallurgical aging phenomena that results in loss of 
mechanical and creep strength. It occurs when carbon 
and low alloy steels are exposed to temperatures in the 
range of 850F - 1400F (440C - 760C) where carbide phases 
(the strengthening element of steels) become unstable 
and begin to agglomerate, which then results in the loss 
of strength. At the upper end of that temperature range, 
spheroidization can occur within hours, while at the lower 
end, it may take years; so it is clearly another of our time-
temperature degradation phenomena.

Spheroidization is not much of threat to our pressure 
equipment, except in some unusual circumstances. Usually 
the loss of strength is relatively minor, but under some high 
temperature conditions can cause a 30% reduction in 
strength. However, that loss of strength usually results in 
some reduction in design margin, which can sometimes be 
acceptable for continued safe operation with appropriate 
fitness-for-service analysis. If it’s not acceptable, then 
derating is usually the result. The unusual conditions 
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Part 10

In previous parts of this series, I have covered many 
corrosion and degradation issues, some environmental 
cracking diseases, metallurgical degradation mechanisms, 
issues associated with welding and some external 
corrosion problems. In part 10, I’m going to cover some 
more “diseases” associated with process equipment that 
can and do cause pressure equipment failures; this time 
different types of degradation mechanisms associated 
with metallurgical aging/embrittlement and other higher-
temperature effects associated with equipment inservice:

Creep and Creep Cracking
Metals will slowly deform under stress and higher 
temperatures by the mechanism known as creep. The 
amount of creep deformation that will be experienced is highly 
dependent upon the level of stress, level of temperature and 
material properties. It is vital that any component operating 
in the creep range have Integrity Operating Windows 
(IOW’s) established where upon operators are required to 
make adjustments if certain temperatures are reached. For 
example, a standard IOW 
may be set for a furnace 
tube at 850F, which would 
require the operator to take 
steps to adjust the burners 
to move back under the 850F limit. Then, at 900F, a critical 
IOW may be set, that would require the operator to take 
steps to shut-down the furnace, if s/he cannot control the 
temperature. In certain temperature ranges, the theoretical 
service life of a furnace tube can be cut in half by continuous 
operation exceeding the design limit by just 25 degrees F. 
While creep failures can occur at design conditions in just 
100,000 hours of operation, rapid stress rupture (highly 
accelerated creep - covered in a separate article) can occur 
in as little as 100-1000 hours if design temperature limits 
are exceeded by significant amounts, e.g. hot spots on 
furnace tubes, or hot spots on refractory lined equipment. 
Below the creep range for each material, service life (from a 
creep standpoint) becomes nearly infinite, and therefore if 
creep is not an issue in design, it should not be an issue in 
operation, if temperature IOW’s are not exceeded.

For the carbon and low alloy steels commonly used in the 
petrochemical industry, creep rates start slowly in the 700-
800F range, and increase gradually with steady loading 
as temperatures increase. For greater creep resistance, 
the industry typically turns to austenitic stainless steels, 
especially the “H” grades. In some higher strength 
materials/ welds, low creep ductility (sometimes called 
creep embrittlement) may be experienced, which leads to 

Nozzles and other components with high tri-axial 
loading on some catalytic reformers have been

susceptible to creep cracking and low creep ductility.
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where spheroidization could be a threat involve high 
stress intensification factors, high applied stresses, or in 
combination with other degradation or flaws.

Equipment that is susceptible to spheroidization include 
most vessels or piping operating in the susceptible 
temperature range or that might be inadvertently exposed 
to high temperatures because of operating malfunctions. 
Such equipment includes furnace tubes, reactor/ 
regeneration equipment in FCCU’s, cat reformers, cokers 
and hydroprocess reactors that might be exposed to 
uncontrolled exothermic conditions (i.e.temperature 
runaways). Some steels are more susceptible than others, 
including fine-grained steels vs course-grained, aluminum-
killed steels vs siliconkilled, and normalized steels vs 
annealed.

Though the likelihood of spheroidization damage can 
be detected with standard hardness testing looking for 
characteristic softening, spheroidization can only be 
confirmed by taking samples for laboratory metallography 
or performing field replication metallography for observation 
under microscopes.

If you experience abnormally high temperatures in your 
process equipment, do you inspect for spheroidization and 
assess the impact with fitness-for-service analysis where 
need be? 

Strain-Aging
Strain-aging problems are another form of metallurgical 
degradation and thankfully are not very common and 
becoming less so; but since strain-aging does still 
occasionally occur, it still makes the list of one of the “99 
diseases of pressure equipment”. It occurs mostly in older 
vintage steels (carbon and low alloy) that were more common 
back when I went to school 100 years ago, or so it seems. 
But since most refineries 
are even older than I am, 
refineries likely still have some 
of equipment manufactured 
with the open-hearth or 
Bessemer processes, and 
therefore could be susceptible to strain-aging, and thereby 
susceptible to potential brittle fracture. Modern steels 
that are made with the basic oxygen furnace process, 
and fully killed with aluminum are not susceptible. What 
happens to the older steels is that they can undergo a form 
of precipitation-hardening which increases their strength a 
bit, but more importantly results in lower toughness. The 
lower toughness in turn could lead to brittle fracture when 
associated with a critical defect of some sort.

Unfortunately there’s no reasonable way to detect strain-
aging before it leads to brittle cracks. Only microstructural 
examination will reliably detect the problem, though 
hardness testing may detect the increase in strength 
associated with strain-aging. It’s just another reason why 
we need to take extra care with older equipment to assure 
that we don’t have any critical size defects after welding 
repairs or modifications are conducted, especially those 

pieces of equipment that have been cold-worked without 
stress relief. The greater the thicknesses (above about 
0.750 inches) the more susceptible the equipment may be 
to effects of strain-aging. The good news is that PWHT will 
usually restore strain-aged material and thereby reduce the 
potential for brittle fracture.

Have you identified all your older, thicker equipment, so that 
special precautions, PWHT and/or QA/QC can be applied 
when welded repairs/ modifications are conducted if the 
material is susceptible to strainaging?

Sigma Phase Embrittlement
Another form of metallurgical degradation at higher 
temperatures is called sigma phase embrittlement. As 
the name implies, a metallurgical phase change occurs in 
some stainless steels when they are heated above about 
1000F (540C). That phase change results in a dramatic 
loss of toughness, and therefore, can lead to brittle fracture 
of the “sigmatized” equipment. The more common brittle 
factures occur in cast and welded stainless steel equipment 
containing higher ferrite contents that have been sigmatized 
in service or during PWHT. The fact that it can and does 
occur during PWHT attests to the fact that it can occur 
rapidly with only a short-time in the susceptible temperature 
range. Typically brittle fractures of affected material occur 
when stresses are applied as the equipment cools to lower 
temperatures. For example, a cast stainless steel furnace 
tube support may facture during furnace cool down; cast 
stainless steels can fracture like shrapnel if the tubes are 
shocked in service; cast stainless steel valves in high 
temperature service; and welded stainless steel cyclones 
in FCCU regenerators may end up with weld cracks as the 
equipment cools during shutdowns. Weld overlays of heavy 
wall Cr-Mo equipment have been found sigmatized and 
cracked after PWHT. All these examples are for austenitic 

stainless steels (with 
higher ferrite content), but 
ferritic and martensitic 
stainless steels are also 
susceptible.

Once again, there’s no reasonable way to detect sigmatized 
stainless steels other than doing impact testing or 
metallographic examination on failed equipment to verify 
what caused the brittle cracking. The key to prevention of 
brittle cracking from sigma phase is to select alloys that 
have less susceptibility to being sigmatized above 1000F, 
and with austenitic stainless steels that means careful 
ferrite control.

Have you identified stainless steel equipment in your 
process equipment operating at elevated temperatures 
that might be susceptible to sigma phase embrittlement 
and planned accordingly in the event that brittle failure 
occurs?

Temper Embrittlement
Temper embrittlement is another form of metallurgical 
degradation resulting from exposure of susceptible low alloy 
steels to higher temperature ranges, usually in service, but 

Strain-aging problems are another form of metallurgical 
degradation and thankfully are not very common

and becoming less so;
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can occur to some extent even during heat treatment. And, 
once again, if significant temper embrittlement has occurred, 
the equipment may be susceptible to catastrophic brittle 
fracture. The low alloy steel most susceptible is the 2.25Cr- 
1Mo steel, from which so much of our industry’s heavy wall 
hydroprocess equipment is fabricated. It’s now fairly well 
established that certain low levels of “tramp” elements, i.e. 
contaminating elements, enhance the potential for temper 
embrittlement. These contaminants enter into steel making 
process and fabrication, i.e. welding, without the steel-
makers or fabricators intent. Those include: phosphorous, 
tin, antimony and arsenic. The level of these elements, 
plus the % of manganese and silicon determine the overall 
susceptibility to temper embrittlement.

Newer steels are much less susceptible, because the 
phenomena has been well studied and control of the 
notorious “tramp” elements is much better than in older 
steels. An excellent reference for specifying materials and 
fabrication practices for new hydroprocess equipment is API 
RP 934(2). But of course, most of the industry hydroprocess 
equipment was fabricated before the early 70’s when the 
newer steels became available, so the industry is going to 
need to pay attention to the temper embrittlement issue as 
long as the older equipment 
remains in service.

Like most other metallurgical 
degradation phenomena, 
temper embrittlement 
cannot be detected by normal inspection methods, and 
once again, toughness testing is the only conclusive way of 
determining the extent of embrittlement. And since there is 
no practical NDE method for toughness testing, users are 
mostly forced to assume their steel is potentially temper 
embrittled and take precautions to avoid critical defects 
that might propagate brittlely in temperature ranges where 
the steel exhibits low toughness. The primary precaution 
is to use controlled start-up and cool-down (pressure and 
temperature combinations) of heavy wall equipment in 
temperature ranges below about 350F.

Do you have an effective management system for controlled 
start-ups and shutdowns for heavy wall hydroprocess 
equipment that may be susceptible to temper embrittlement, 
and therefore susceptible to brittle fracture?

Titanium Hydriding
Titanium hydriding is another somewhat unusual 
metallurgical degradation phenomena that can result in 
brittle fracture. Unlike many other steel embrittlement 
phenomena, this one most often occurs in thin wall Ti 
tubes that have been selected for their superior corrosion 
resistance of overhead condensers. In certain pH ranges 
and under some galvanic corrosion conditions above 165F 

(75C), hydrogen penetrates the Ti tube and reacts to form 
an embrittling hydride phase. It can also occur when iron 
has contaminated the surface of the titanium tube, thus 
promoting a galvanic couple that drives hydrogen into the 
Ti tube; so fabrication and repair cleanliness are vital to the 
avoidance of titanium hydriding.

The hydriding reaction may continue until there is a complete 
loss of ductility, and any form of transient stress can fracture 
the tubes. Those stresses may occur from upset process 
conditions or during bundle removal or repairs. Like so many 
other metallurgical embrittling phases, there may be no 
reliable inspection techniques to detect titanium hydriding, 
though some claim to be able to detect it with specialized 
eddy-current techniques. So, typically an owneruser finds 
out that their Ti tubes are hydrided by experiencing leaks or 
cracks. If there is doubt, a tube can be pulled and crushed 
in a vice to see if it results in a ductile or brittle fracture.

A related phenomena in titanium is metal ignition, which 
will be covered separately. But in one case, significant Ti 
hydriding was thought to be a potential contributor to the 
metal ignition and burning.

Do you have titanium condensers in service that may be 
susceptible to titanium hydriding?

Conclusion
In part 10 of this series I have covered a few more of the 
99 “diseases” (some of those associated with metallurgical 
aging or degradation in-service) that can cause degradation 

and failure of pressure 
equipment; but there are 
plenty more corrosion and 
degradation issues. Next 
time, I will cover some 
equipment degradation 

associated with welding defects, including incomplete 
fusion, inadequate penetration, undercutting and various 
types of weld metal cracking. In the meantime, do your risk 
assessments consider all the factors that could possibly 
or probably cause your equipment to fail? Do all of your 
operators have the basic knowledge and understanding 
of degradation and cracking mechanisms that they need 
in order to help avoid pressure equipment failures in your 
facilities? Remember, it does little good for this information 
to only reside in a select few engineers or specialists in 
your company.

References:
(1) 	API RP 571, Damage Mechanisms Affecting Fixed 		
	 Equipment in the Refining Industry, 
	 First Edition, American Petroleum
	 Institute, Washington, D.C., December, 2003.
(2) 	API RP 934, Materials and Fabrication Requirements 	
	 for 2-1/4Cr-1Mo & 3Cr-1Mo Steel Heavy Wall 
	 Pressure Vessels for High Temperature, 
	 High Pressure Service, 1st Edition, 
	 American Petroleum Institute,
	 Washington, D.C., December, 2000,

Like so many other metallurgical embrittling phases, 
there may be no reliable inspection techniques to

detect titanium hydriding,...
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Part 11
In previous parts of this series, I have covered many 
corrosion and degradation issues, some environmental 
cracking diseases, metallurgical degradation mechanisms, 
issues associated with welding and some external 
corrosion problems. In part 11, I’m going to cover some 
more “diseases” associated with process equipment that 
can and do cause pressure equipment failures; this time 
the different types of flaws and defects associated with 
welding which can act as stress raisers and initiation sites 
for cracking and mechanisms.

Welding Flaws and Defects
After a pressure equipment or piping failure, it’s not 
uncommon to find out, during the failure analysis part of 
the investigation, that the failure initiated at a welding flaw 
of some sort. Many of the “99 Diseases”, including cracking 
and pitting mechanisms initiate from welding flaws, including 
cracks (and other sharp discontinuities) like hydrogen 
cold cracks, hot cracks, incomplete fusion, incomplete 
penetration, undercutting, arc strikes, crater cracks, etc. 
These types of flaws/ defects act as “mechanical notches” 
which provide a ready source of initiation from which many 
of the 99 Diseases can then propagate to failure. These 
mechanical notches can act as significant stress raisers, 
which are needed by many of the cracking mechanisms in 
the 99 Diseases to begin their “dirty work” in the industry’s 
pressure equipment and 
piping. In addition to these 
mechanical notches, there 
are other types of welding 
flaws and discontinuities that can provide “metallurgical 
notches” that may become initiation sites for several types 
of the 99 Diseases. These discontinuities include things 
such as: hardness variations, residual stress variations, 
microstructural variations, and macrostructural variations. 
Such metallurgical variations also can play a significant role 
in creating initiation sites for crack propagation in-service.

Welding QA/QC
Hence, as one would expect, attention to the potential for 
these types of welding flaws and defects is very important 
to the overall prevention program for the 99 Diseases 
of Pressure Equipment. At the heart of this prevention 
program is the necessary quality assurance / quality control 
program (QA/QC) for welding that is described in the three 
API pressure equipment codes/ standards for vessels, 
piping and tanks: API 510(3), API 570(4), and API 653(5). 
Additionally there are two relatively new API recommended 
practices, API RP 577(6) and API RP 582(7) that contain 
more information that can be used to enhance welding 
QA/QC programs. All inspectors, engineers and other folks 
involved in welding practices should have ready access to 
each of these documents and thoroughly understand and 
implement the welding QA/QC aspects contained in them. 
Bottom line is that I’ve never seen a welding flaw/defect 
that could not have been prevented by a relatively simple 
and economic welding QA/QC program.

Among other things, that welding QA/QC program needs 
to assure that only qualified welders utilizing qualified 
procedures are allowed to weld on any pressurized 
equipment, including storage tanks and piping. Within 
the USA, the industry typically follows the ASME Boiler 
and Pressure Vessel Code, Section IX requirements, as 
referenced by the five API Codes/Standards for pressurized 
equipment mentioned above (API 510/570/653/577/582). 
One of the important aspects of welding QA/QC is the 
need to keep up-to-date welder log sheets, to help assure 
that welder qualifications stay current. The most effective 
welding QA/QC programs usually set a minimum amount 
of NDE, such as radiographic examination for every welder 
and they track weld reject rates, to assure that rework is 
kept to a minimum. The best programs I’m aware of stay 
routinely below a 1% weld reject rate. The welding defects
and flaws (that can grow to the size of being a welding 
defect) are caused by a large variety of welding QA/QC 
issues. such as: inadequate preheat or PWHT, welding on 
equipment inservice, and inadequate repair welds made 
during fabrication.

With recognition to the potential for the “large variety 
of welding QA/QC issues”, whenever specialized or 
nonroutine welding practices or materials are to be utilized, 
it pays to have a welding specialist involved to help specify 
the necessary QA/QC practices needed to avoid flawed 
welds that can act as initiators for the 99 Diseases. Those 
specialists can be a variety of types of people, who are 
knowledgeable and competent in welding QA/QC, such 

as certified welding inspectors 
(CWI), welding engineers, 
welding foremen, and those 
that will soon be certified by 

the new APISupplemental Inspection Program for API RP 
577(6) (see article in Nov/ Dec issue of the IJ(8).

Welding QA/QC Issues
As I noted above, there is a “large variety of welding QA/QC 
issues” associated with making sure that your equipment 
is properly welded and will not end up with flaws/ defects 
that might propagate to failure as the result of one or more 
of the 99 Diseases acting upon them inservice. This short 
article cannot possibly do justice to that large variety of 
welding QA/QC issues, but we can start by briefly listing 
a few issues(9) that may need attention by a competent/
knowledgeable welding specialist:

1. 	 Welders that are not fully knowledgeable or trained 
	 on the WPS/PQR that they are using.
2. 	 Inadequate WPS/PQR for welded repairs of a variety 
	 of pressure equipment components including pump
	 cases, valve bodies, cast fittings, overlaid 
	 components, specialty materials, etc.
3. 	 Careful application and specification of controlled
	 deposition welding (CDW) repairs in order to achieve 
	 the end properties desired to avoid future in-service 	
	 cracking.
4. 	 Inadequate support/bracing of stainless steel and 
	 other equipment that may grow or distort significantly 
	 during PWHT.

Bottom line is that I’ve never seen a welding 
flaw/defect that could not have been prevented...
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5. 	 Inadequate coordination and communication 		
	 between welding fabricators and heat treaters 
	 on  PWHT requirements and specifications.
6. 	 Validation that all weldable components meet 		
	 specification before welding begins, including PMI.
7. 	 Use of GMAW-S weld process in situations 			
	 outside the limits of those specified in API RP 		
	 582(7), section 5.2.2, especially on piping and other 	
	 components thicker than .375 inch.
8. 	 Application of the FCAW welding process on pressure 	
	 equipment, when FCAW is restricted by API RP 		
	 582(7) to structural carbon steel items.
9. 	 Lack of serious attention to (and sometimes “pencil 	
	 whipping”) specified hardness limitations.
10. Use of Argon - 25% CO2 gas for GMAW-Sp, when 
	 the gas may not facilitate spray transfer.
11. Use of nitrogen as a shielding or backing gas for 		
	 welding stainless steel equipment, ie what SS’s and
	 under what conditions, and other applications/		
	 misapplications of shielding and/or backing gases.
12. 	Numerous requirements and the degree of QA/QC 		
	 needed when welding duplex stainless steels e.g.
	 ferrite control, weld rod specification, impact testing,
	 corrosion testing and microhardness testing.
13. 	Welding profile, quality, penetration, and NDE
	 requirements when welding O-lets to piping 		
	 components.
14. 	The preheat and postheat requirements of weld 		
	 repairs of SS overlay on thick-walled Cr-Mo vessels.
15. 	Inadequate PWHT temperatures for a number of 		
	 welded components, e.g. Cr-Mo components 		
	 PWHT’d to ASME BPV Section VIII requirements and 	
	 CS components destined for service in potential 		
	 carbonate cracking environments.
16. 	Precautions needed to avoid cracking when welding 	
	 heavy wall sections of type 347 SS.
17. 	QA/QC and filler metal requirements for welding solid 	
	 SS nozzles into SS clad or overlaid equipment, and 		
	 the allowable delta T for dissimilar welds to avoid 		
	 thermal fatigue cracking and cracking in hot hydrogen 	
	 services, especially in the mixed-alloy HAZ.
18. 	QA/QC requirements for avoiding hydrogen cold 		
	 cracking of bi-metallic welds in hydrogen service.
19. 	Repair welding of centrifugally cast SS components 
	 in ethylene pyrolysis furnaces.
20. 	Prevention of hydrogenassisted cracking and 		
	 burnthrough during hot taps.
21. 	Selection of filler metal and PWHT requirements for
	 nickel steels destined for low temperature service.
22. 	The need for stabilization anneals and hydrogen 		
	 bakeouts for certain services, ie when these heat
	 treatments are actually needed and what the
	 requirements should be.

23. 	The need for fool-proof QA/QC for weld rod control 		
	 when carbon and lowalloy jobs are going on in close 	
	 proximity.
24. 	QA/QC requirements for in-situ automated weld 		
	 overlay repair of Cr-Mo vessels.
25. 	Welding requirements (including special wire) for 		
	 avoiding brittle welds or welds prone to cracking
	 in 12 Cr piping and cladding.
26. 	The impact on corrosion resistance when wire wheel
	 brushing of SS weldments.
27. 	The need for a stabilization heat treatment of 		
	 weldments made on stabilized grades of stainless 		
	 steel.
28. 	QA/QC and inspection methods to find CS root 		
	 passes installed (“inadvertently” or “fraudulently”) in 	
	 SS piping systems where SS GTAW roots were 		
	 specified.
29. 	Type of QA/QC required for welds that may be 		
	 susceptible to delayed cracking, and under what
	 conditions welds are likely to be susceptible to 		
	 delayed cracking.
30. 	When and under what circumstances, ie proper
	 procedures and QA/QC, is it acceptable to back weld 	
	 threaded connections, so they don’t become a 		
	 cracking problem inservice.
31. 	The possibility that local PWHT could give rise 		
	 to some susceptibility to cracking inservice, and the 	
	 requirements for local PWHT to be applied to 		
	 reduce the susceptibility.
32. 	Repair welds made by fabricators without the same 	
	 careful attention to the WPS/PQR and/or adequate
	 QA/QC without even notifying the purchaser that their 	
	 “new” equipment already contains said repair welds.

The purpose of the foregoing list is mainly to alert readers 
to some of the many possibilities that welding issues could 
be involved in creating sites for the initiation of several of
the 99 Diseases presented in this series, let alone 
defects that could be rejectable according to recognized 
construction codes. It surely is not an all inclusive list, and 
in fact, does not contain many of the fairly common types 
of welding issues e.g. normal hydrogen cold cracking of 
carbon steel, that can leave flaws/ defects in our equipment. 
I’m sure that many of you could add to this list from your 
own experiences, and I welcome seeing your suggestions, 
which I will gladly pass along to the API RP 582 T/G for 
possible consideration for inclusion into a future edition of 
the recommended practice. If you do have comments or 
suggestions for inclusion in the list, please pass them along 
via the IJ at: tij@gte.net

Some of these welding issues will be addressed in an 
upcoming ASME Post Construction Standard on Repair 
and Testing. Be on the look-out for the first edition of that 
standard scheduled for publication during 2006. Also, I will 
address some of them in future additions of this series of 
articles in the IJ. But for now, in order to keep this article of 
reasonable length, I’ll comment on just a couple of welding 
issues that have been and continue to be a source of 
welding flaws and defects, i.e. repair welds and inadequate 
heat treatment.

mailto:tij@gte.net
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Repair Welds
Most of us that have been involved in pressure equipment 
failure analysis over the years recognize that it is not 
uncommon to find that the initial source of a flaw or defect 
that propagated to failure was an unknown or undetected 
welding flaw/defect. These welding flaws/ defects 
sometime occur during original construction and/or shop 
modifications and then go unreported and therefore 
unknown to the owner-user of the pressure equipment item. 
I “assume” that those making the repairs that produced the 
flaws/defects did so in good faith, not knowing what could
happen when the unknown flaw/ defect propagated in-
service at a later time. So, in my mind, it is well worth writing 
a clause in our fabrication contracts that any repairs made 
during fabrication must have the same (if not more) QA/QC 
than the original specification, and MUST be reported to 
the purchaser for review and 
approval, preferably before 
proceeding with the repair. 
Without that requirement, 
purchasers may end up with some flaws/defects (ie 
metallurgical or mechanical notches) that they never 
“dreamed” might be hidden in their “new” or shop modified 
equipment. Once again, “the devil’s in the details” and 
“buyer beware” if you do not think about what a shop might 
be doing to your equipment without your knowledge.

Inadequate Post Weld Heat Treatment 
(PWHT) and Preheating
PWHT is one of the main aspects for avoiding cracking 
diseases in industry pressure equipment. We apply 
PWHT for a variety of reasons, including reduction of 
residual stresses, reduction in weldment hardness and 
improved resistance to a variety of environmental cracking 
mechanisms after equipment has been placed in service. 
However, we find more and more cases of inadequate 
PWHT after some sort of cracking failure occurs, and after 
we measure residual stresses. Some fabricators don’t take 
the PWHT process as seriously as they should, and they 
just heat it up, cool it down and deliver it, as fast as they 
can. Time is money and it takes time and serious QA/QC to 
do PWHT correctly.

The same holds true for the specified preheating. There 
needs to be adequate placement of thermocouples (T/C’s) 
on the equipment/piping to reveal the true temperature and 
full thermal cycle experienced by the equipment during 
preheating and post weld heat treatment. There needs to be 
recording charts on all critical PWHT T/C’s. In cases where 
preheating and PWHT are critical to successful operation of 
the equipment, ownerusers need proof that the full preheat 
and PWHT soak times at temperature were experienced. 
The right temperature for the material being preheated or 
PWHT’d needs to be specified and enforced with a clearly 
detailed QA/QC program. And special attention needs 
to be provided to equipment with a variety of materials, 
thicknesses and configurations to ensure that the heaviest 
section is adequately PWHT’d, that the thinnest section is 
not overheated and badly oxidized, and that each type of 
material sees the specified temperatures and soak times. 

Once again, it’s a “buyer beware” situations if you simply 
specify preheating and PWHT “in accordance with code”.

Conclusion
In part 11 of this series I have begun to cover how welding 
issues can cause defects/flaws that can provide initiation 
sites for some of the cracking mechanisms of the “99 
Diseases” ie some of those associated with mechanical and 
metallurgical welding notches that can cause degradation 
and failure of pressure equipment. But there are still plenty
more welding, corrosion and degradation issues to cover. 
Next time, I will cover some equipment degradation issues 
associated primarily with the refining industry, such as 
amine corrosion, ammonium chloride corrosion, ammonium 
hydrosulfide corrosion, high temperature hydrogen/
hydrogen sulfide corrosion, carbolic acid (phenol) corrosion, 

and sour water corrosion.

In the meantime, do your risk 
assessments consider all the 
factors that could possibly or 

probably cause your equipment to fail? Are your welding QA/
QC processes sufficiently robust to avoid the detrimental 
effects of the many welding issues mentioned in this article? 
Do all of your operators and welding personnel have the 
basic knowledge and understanding of degradation and 
cracking mechanisms that they need in order to help avoid 
pressure equipment failures in your facilities? Remember, it 
does little good for this information to only reside in a select 
few engineers or specialists in your company.

If you have comments or feedback on the 99 Diseases of 
Pressure Equipment, please forward them to me though 
the IJ at: tij@gte.net
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Part 12
In previous parts of this series, I have covered many 
corrosion and degradation issues, some environmental 
cracking diseases, metallurgical degradation mechanisms, 
issues associated with welding and some external corrosion 
problems. In part 12, I’m going to cover some more 
“diseases” associated with process equipment environment 
is eventually “steamed out” during decontamination 
procedures, exposing it to the potential for caustic cracking. 
This stuff in not rocket science! It’s actually more important 
than rocket science to those of us who make a living 
working in the hydrocarbon 
process industry, because the 
lack of this knowledge can lead 
to process safety problems.

Another reason why operating 
folks and process engineers should know about the “99 
diseases of pressure equipment” is that this knowledge 
can help them understand why it is important to set limits 
(and stay within these limits) in the operating windows 
to help preserve and protect pressure equipment. Each 
potential threat to the safety of pressure equipment should 
have clearly designated limits established in the integrity 
operating windows (typically upper and often lower limits), 
within which the equipment can be safely operated without 
exposure to unexpected degradation and failure. The more 
people that understand the reasons behind these standard 
and critical operating limits, the more likely they are to 
adhere to and respect them.

Do you have an integrity operating window (IOW) 
established for each of the potential and probable 
materials degradation variables in your operating pressure 
equipment? Sometimes, one will find that the existing 
set of operating windows doesn’t focus on many of the 
integrity threats for equipment failure as much as it focuses 
on operating quality issues or operating reliability issues.

Why do I call them the “99 diseases”? Largely because 
there is an analogy to the medical profession with regard 
to prevention and cure. Certainly in both cases, it’s much 
easier, much less expensive, and healthier (safer) to prevent 
such diseases than it is to cure them. I’m sure we would all 
rather know and practice the necessary lifestyles that can 
prevent lung cancer or heart disease than to endure the 
cure of either after we contract them. The same is largely 
true with the diseases of pressure equipment. Preventing 
cracks, high corrosion rates, and metallurgical degradation 
is usually easier, much less expensive, and safer than 
coping with the aftermath of unexpected vessel and piping 
failures. Often it only takes shared knowledge and good 
operating practices to avoid many of these afflictions. 

There’s another analogy in the prevention of unexpected 
failures in pressure equipment. It’s with automobiles. 
You’ve all heard about people who do such a good job with 
preventive maintenance and operating care on their vehicle 
that it runs very well and inexpensively to 200,000+ miles. 
The same is true with vessels, tanks, heat exchangers, 
columns, and piping in the hydrocarbon process industry. 
If you take care of them, understand what can make them 
“break down” (i.e., fail unexpectedly), and “drive them” 
with care (i.e., operate them within the properly designated 
integrity operating window), they can provide reliable, safe 
service throughout the life of hydrocarbon process plants.

So, what are those 99 diseases of pressure equipment? 
I’m sure that many materials engineering readers may 
have heard about most of them. So, be sure to pass this 
article along to others (e.g. inspectors, operators, process 
engineers) who may not know about all of them, but may 
need to know more in order to help protect and preserve your 
pressure equipment. This article will not convert them into 

corrosion/ materials engineers, 
but perhaps will make them 
aware of the important flaws 
and degradation issues, so that 
they can be additional “eyes 

and ears” in the field; so that they can provide better input 
to the RBI or PHA team; so that they can understand the 
importance of the integrity operating window; so that they 
can help prevent unanticipated pressure equipment failures. 
We should all endeavor to pass along our knowledge of 
failure prevention to those in our organizations that can 
help protect and preserve pressure equipment integrity. 
In previous parts of this series, I have covered many 
corrosion and degradation issues, some environmental 
cracking diseases, metallurgical degradation mechanisms, 
issues associated with welding and some external 
corrosion problems. In part 12, I’m going to cover some 
more “diseases” associated with process equipment that 
can and do cause pressure equipment failures; this time 
different types of degradation mechanisms associated 
primarily with the refining industry:

Amine Corrosion
Amine corrosion is one of the degradation mechanisms 
that I “cut my professional teeth” on 35 years ago, and not 
too much has changed since then. The body of knowledge 
continues to improve, but the critical success factors and 
mitigation methods remain about the same. As everyone 
with amine treating units knows, it’s vital to control the 
process to avoid amine corrosion of carbon steel, which 
is the primary construction material for amine units. When, 
for various reasons, corrosion of carbon steel cannot be 
economically controlled, then upgrading to 300 series 
stainless steels in the most common choice for the affected 
equipment and piping. Interestingly, even though the title 
of this degradation is “amine corrosion”, the corrosion is 
essentially not caused by the amine itself, and stays at 
relatively low rates unless operating problems lead to the 
formation of heat stable salts, amine degradation products 
or CO2 and/or H2S flashing. Contaminants like HCN, O2 
and NH3 can also accelerate corrosion.

Often it only takes shared knowledge and good
operating practices to avoid many of

these afflictions.
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Typically the lean amine solution is not very corrosive, but 
the rich amine solution (packed with CO2 and/or H2S) can 
be highly corrosive if the process is not well controlled, 
especially when temperatures exceed about 220o F (104o C) 
and when acid gas flashing occurs. Generally the corrosion 
is relatively uniform, but when fluid velocities in rich amine 
streams exceed 4-6 fps, highly localized corrosion rates 
can result. UT inspection for amine corrosion should focus 
on the hotter, rich amine systems like the regenerator, the 
reboiler feed and return line, the rich amine piping, and the 
stripper O/H condenser and piping. And, of course, within 
these susceptible systems special attention should be paid 
to the areas where higher velocities, higher turbulence, 
or impingement might be occurring. Finally, some types 
of amine treating systems tend to have more aggressive 
corrosion problems. Those include (in descending order of
aggressiveness) MEA, DGA, DIPA, DEA, and MDEA. A 
related degradation mechanism is amine stress corrosion 
cracking(3), which was covered in a recent article in this 
series.

Do your operators know how 
to control all the important 
variables that can lead to 
excessive corrosion in your 
amine units?

Ammonium Bisulfide Corrosion
Ammonium bisulfide corrosion (aka ammonium hydrosulfide 
and alkaline sour water corrosion), is another of the age 
old refining corrosion mechanisms that seems to be on the 
increase and has recently produced a number of catastrophic 
losses in the industry. The culprit for this increase seems 
to be the increasing number of crude feeds containing 
higher nitrogen contents, which converts to NH3 at higher 
temperatures and reacts with available H2S to form the 
aggressive NH4HS salt. When NH4HS then precipitates 
out of the hydrocarbon stream to form salt deposits, highly 
aggressive, very localized corrosion can occur. I’ve seen 
the fist sized pits in heavy wall REAC piping that have led 
to some of the “big events” in the hydroprocess industry, 
leading the API to publish a recommended practice for 
REAC systems(4). Included in this recommended practice 
are:

a. 	Details of the deterioration mechanisms,
b. 	Methods to assess and monitor the corrosivity of 		
	 systems,
c. 	Details on materials selection, design and fabrication of
	 equipment for new and revamped processes,
d. 	Considerations in equipment repairs, and
e. 	A recommended inspection plan. 

The spooky part about these highly localized, deep pits is 
that there may be little or no corrosion on either side of 
the pit for many feet, making them hard to detect without 
thorough inspection techniques including extensive profile 
radiography and UT scanning. Use of spot UT and spot 
RT can be very misleading because of the highly localized 
nature of the aggressive corrosion.

There are plenty of critical variables that need to be 

controlled in order to avoid corrosion of carbon steel 
REAC and other hydrocarbon systems, including: NH4HS 
concentration, velocity/ turbulence, pH, temperature, and 
flow distribution. Above about 2 wt% NH4HS and 10 fps, 
solutions become increasingly corrosive. The other end of 
the velocity scale is also a problem, where NH4HS salt drop 
out of the gas process stream to produce deposits and 
severe underdeposit corrosion. Wherever the salt deposits 
form, sufficient water washing and balanced flow REAC 
systems are necessary to effectively dissolve and flush the
deposits downstream to avoid fouling, plugging, and 
aggressive corrosion. Besides hydroprocess units, NH4HS
corrosion can be a problem in FCCU’s, DCU’s, SWS’s, 
and Amine treater units. Inspectors need to work closely 
with corrosion and process engineers knowledgeable in 
NH4HS issues to locate the most susceptible places where 
localized corrosion is likely to occur and monitor those 
areas at appropriate frequencies. When process conditions 
in some systems are such that the risks associated with 
high carbon steel corrosion rates are not acceptable, then 

users are turning to alloys like 
2205 and 825, among others.

Are you watching for higher 
nitrogen feeds that may 
be producing corrosive 

concentrations of NH4HS in your process units? Have you 
obtained a copy of and carefully followed the guidance in 
API RP 932B(4).

Ammonium Chloride Corrosion
Ammonium chloride (NH4Cl) corrosion is another type 
of highly aggressive metal loss from ammonium salts 
usually associated with high nitrogen feeds containing 
chlorides. Typically what happens is that ammonium 
chloride salts precipitate from high temperature feeds 
and aggressive, localized corrosion occurs where the wet 
salts are deposited, sometimes in the absence of a free 
water phase. Since the salts readily absorb water from the 
process stream (ie hygroscopic), even small amounts of 
water or water vapor can cause the highly acidic corrosion 
under the deposits, even above the process dew point. 
The higher the temperature of the wet salts, the higher 
the corrosion rates can be, even at rates above 100 mpy 
(2.5mm/y). Ammonium salts can be whitish, greenish or 
brownish in color.

Refining process unit ops where ammonium chloride 
corrosion can occur include crude unit overheads, REAC 
streams in hydroprocessing and catalytic reforming, and in 
FCCU & DCU O/H streams. As with NH4HS salts, a wash 
water injection is often needed to dissolve and flush out 
the salts. Inspection techniques (profile radiography and 
UT scanning) are also similar to those needed for corrosion 
from NH4HS salts because of the highly localized nature of 
the corrosion. Once again, the new API RP 932B(4) is an 
excellent reference for NH4Cl salt corrosion.

High Temperature H2/H2S Corrosion
High temperature sulfidation was discussed in a previous 
article in this series. High temperature H2/H2S corrosion is 

The culprit for this increaseseems to be the 
increasing number of crude feeds containing 

higher nitrogen contents,...
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simply an extension of that mechanism that is accelerated 
by the presence of hydrogen in hydroprocessing units, 
typically above about 500o F (260o C). As with high 
temperature sulfidation, metal loss is usually general in 
nature, so spot UT and RT (strategically located) are typically 
adequate for inspection purposes. When carbon steels do 
not have adequate corrosion resistance, then alloys with 
increasing amounts of chromium may be needed to resist 
the environment, depending upon temperature and H2S 
content. Those include low alloy steels, 400 series and 300 
series stainless steels. Areas just 
downstream of hydrogen
injection or mix points will often 
show higher rates of corrosion.

Do you monitor for possible higher 
sulfidation corrosion rates in your 
sour hydroprocess units?

Carbolic Acid Corrosion
Carbolic acid corrosion (aka phenolic corrosion) occurs 
in refineries using phenol extraction to remove aromatic 
compounds from lubricating feedstocks. Temperature, 
carbolic acid concentration, water content, alloy composition 
and fluid velocity are the most significant determinants of 
carbolic acid corrosion rates, which can be generalized or 
localized. Typically upgrading to 300 series stainless steels 
in sections where carbon steel does not provide adequate 
resistance is sufficient; however under highly corrosive 
conditions like those with high temperatures or higher 
velocities, alloy C276 may be needed.

Are you experiencing leaks or unusually high corrosion in 
your phenolic extraction plants?

Sour Water Corrosion
Acidic sour water corrosion occurs in the overhead 
streams associated with FCCU’s and DCU’s where water 
containing high concentrations of H2S may be present. 
If inorganic or organic acids, ammonia, chlorides and/or 
cyanides are present, these contaminants can cause other 
forms of degradation, including cracking. Carbon steels 
are commonly used in this service unless temperatures 
are too high, pH is too low, velocities are high, oxygen 
is present, or H2S concentrations are too high. In those 
cases, upgrading to 300 series stainless steels usually 
provide adequate resistance to sour water corrosion if 
chlorides are not present. When ammonia is present, then 
the degradation mechanism may be alkaline sour water 
corrosion, ie ammonium bisulfide corrosion. The presence 
of oxygen may produce a pitting type corrosion in addition to 
the generalized corrosion most commonly associated with 
acidic sour water corrosion. Turbulence or higher velocities 
can accelerate corrosion. Corrosion monitoring is usually in 
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be needed where localized corrosion is suspect. Monitoring 
water boots for pH is often employed to check on the likely 
aggressiveness of acidic sour water corrosion.

Are you experiencing higher than acceptable corrosion 
rates in your acidic sour water systems, that may need to 
be upgraded to 300 series stainless steels? 

Conclusion
In part 12 of this series I have covered a few more of the 
99 “diseases” (some of those associated with corrosion 
degradation in the refining industry) that can cause failure 
of pressure equipment; but there are plenty more corrosion 
and degradation issues. Next time, I will cover a few more 
types of equipment degradation associated with welding 
defects/flaws. In the meantime, do your risk assessments 

consider all the factors that 
could possibly or probably cause 
your equipment to fail? Do all of 
your operators have the basic 
knowledge and understanding 
of degradation and cracking 
mechanisms that they need in 

order to help avoid pressure equipment failures in your 
facilities? Remember, it does little good for this information 
to only reside in a select few engineers or specialists in 
your company.

If you have comments or feedback on the 99 Diseases of 
Pressure Equipment, please forward them to me though 
the IJ at: tij@gte.net
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If inorganic or organic acids, ammonia, 
chlorides and/or cyanides are present, these 

contaminants can cause other forms of 
degradation, including cracking.
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Part 13
In previous parts of this series, I have covered many 
corrosion and degradation issues, environmental cracking 
diseases, metallurgical degradation mechanisms, issues 
associated with welding and some external corrosion 
problems. In part 13, we’re going to cover some more 
“diseases” associated with process equipment that can 
and do cause pressure equipment failures; this time some 
more types of degradation mechanisms associated welding 
flaws/defects:

Welding Flaws and Defects
After a pressure equipment or piping failure, it’s not 
uncommon to find out, during the failure analysis part of 
the investigation, that the failure initiated at a welding flaw 
of some sort. Many of the “99 Diseases”, including cracking 
and pitting mechanisms initiate from welding flaws, including 
cracks (and other sharp discontinuities) like hydrogen 
cold cracks, hot cracks, incomplete fusion, incomplete 
penetration, undercutting, arc strikes, crater cracks, etc. 
These types of flaws/defects act as “mechanical notches” 
which provide a ready source of initiation from which many 
of the 99 Diseases can then propagate to failure. These 
mechanical notches can act as significant stress raisers, 
which are needed by many of the cracking mechanisms in 
the 99 Diseases to begin their “dirty work” in the industry’s 
pressure equipment and piping. Also, in addition to these 
mechanical notches, there are other types of welding 
flaws and discontinuities that can provide “metallurgical 
notches” that may become initiation sites for several types 
of the 99 Diseases. These discontinuities include things 
such as: hardness variations, residual stress variations, 
microstructural variations, and macrostructural variations. 
Such metallurgical variations also can play a significant role 
in creating initiation sites for crack propagation in-service.

Welding QA/QC
Hence, as one would expect, attention to the potential for 
these types of welding flaws and defects is very important 
to the overall prevention program for the 99 Diseases of 
Pressure Equipment. At the heart of this prevention program 
is the necessary quality assurance / quality control program 
(QA/QC) for welding that is described in the three API 
pressure equipment codes/standards for vessels, piping 
and tanks: API 5102, API 5703, and API 6534. Additionally 
there are two relatively new API recommended practices, 
API RP 5775 and API RP 5826 that contain more information 
that can be used to enhance welding QA/QC programs. All 
inspectors, engineers and other folks involved in welding 
practices should have ready access to each of these 
documents and thoroughly understand and implement the 
welding QA/QC aspects contained in them. Bottom line is 
that I’ve never seen a welding flaw/defect that could not 
have been prevented by a relatively simple and economic 
welding QA/QC program.

Among other things, that a welding QA/QC program needs 
to assure that only qualified welders utilizing qualified 

procedures are allowed to weld on any pressurized 
equipment, including storage tanks and piping. Within 
the USA, the industry typically follows the ASME Boiler 
and Pressure Vessel Code, Section IX requirements, as 
referenced by the five API Codes/Standards for pressurized 
equipment mentioned above (API 510/570/653/577/582). 
One of the important aspects of welding QA/QC is the 
need to keep up-to-date welder log sheets, to help assure 
that welder qualifications stay current. The most effective 
welding QA/QC programs usually set a minimum amount 
of NDE, such as radiographic examination for every welder 
and they track weld reject rates, to assure that rework is 
kept to a minimum. The best programs I’m aware of stay 
routinely below a 1% weld reject rate. The welding defects 
and flaws (that can grow to the size of being a welding 
defect) are caused by a large variety of welding QA/QC 
issues such as: inadequate preheat or PWHT, welding on 
equipment in-service, inadequate repair welds made during 
fabrication.

With recognition to the potential for the “large variety of 
welding QA/QC issues”, whenever specialized or non-
routine welding practices or materials are to be utilized, it 
pays to have a welding specialist involved to help specify 
the necessary QA/QC practices needed to avoid flawed 
welds that can act as initiators for the 99 Diseases. Those 
specialists can be a variety of types of people, who are 
knowledgeable and competent in welding QA/QC, such 
as certified welding inspectors (CWI), welding engineers, 
welding foremen, and those that will soon be certified by 
the new API Supplemental Inspection Program for API RP 
5775 (for more information on this program see previous 
article in the IJ7).

Now we will cover four of those welding flaws/defects that 
can and do grow in-service and become initiation sites for 
other of the 99 Diseases.

Reheat Cracking
Reheat cracking, which is sometimes referred to as 
stress relief cracking or creep embrittlement, is an 
intergranular cracking mechanism that occurs in the base 
metal heat-affected zone (HAZ) of a weld assembly and 
occasionally in the weld metal. The cracking occurs when 

Subsurface reheat cracking in 1.25Cr-0.5Mo steel pipe. 
Weld metal is on right of cracking and base metal is on left 

of cracking. 50X magnification
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the weld assembly is reheated after fabrication either 
during the postweld heat treatment (PWHT) or during 
high temperature service exposure. It is more common on 
thicker components, e.g., > 25 mm (1 in.). Reheat cracking 
occurs in low alloy steels when reheated in the range of 
450-650°C (840-1200°F) and to certain austenitic alloys 
when reheated in the range of 560-800°C (1040-1470°F). 
Components rarely fail by reheat cracking; rather reheat 
cracking is another weld defect / stress raiser that may 
initiate another of the 99 Diseases, such as a fatigue or 
creep failure.

For low alloy steels the principal cracking mechanism 
is carbide precipitation and 
strengthening of the grain. 
Intergranular and sometimes 
branched cracking can then 
occur during stress relaxation in the weaker grain boundaries 
of the HAZ. The cracking is typically small and tight, oxide 
filled, connected to the surface, and found at the toe of the 
weld cap. The 1.25 Cr – 0.5 Mo steels appear to be some 
of the more susceptible low alloy steels8.

Reheat cracking also occurs in austenitic alloys, such as 
Types 347, 321 and 316H stainless steels and Alloy 800H 
(including the cast version of Alloy 800, 20 Cr – 32 Ni –
Nb). The cracking mechanism is more complex than in the 
low alloy steels and is sometimes similar to what occurs 
in low alloy steels (i.e., carbide-precipitation strengthening 
of the grains and weak grain boundaries). Alternatively 
for austenitic alloys,the grain boundaries may become 
strengthened by precipitates making them susceptible 
to cracking or low melting point phases may form on the 
grain boundary making it weak at high temperatures and 
susceptible to cracking during stress relaxation. Cracking 
typically consists of short, tight, intergranular cracks; can 
be surface connected or subsurface; and occurs mostly in 
the base metal HAZ. Type 347 stainless steel appears to be 
the most prone to reheat cracking. In a recent experience, 
Type 347 stainless steel forgings leaked after thirty plus 
minutes of hydrotest pressure with the leak revealed by the 
presence of a small drop of water.

Because the cracks are small and tight, not always open 
to the surface, and do not always occur on the first 
reheat cycle, reheat cracking is difficult and impractical 
to find by inspection. It is best to prevent reheat cracking 
though being aware of its possibilities, controlling alloy 
impurities, controlling welding parameters, avoiding large 
grain sizes, and eliminating stress raisers at thick weld 
joints (e.g., undercuts, overlaps, and sharp thickness 
transitions). For low alloy steels, following the guidance in 
the API RP 9349 series of documents should significantly 
reduce susceptibility to reheat cracking. For the austenitic 
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Do you have any susceptibility to reheat cracking in your 
equipment, and if so, do you have sufficient QA/QC to 
prevent reheat cracking that might become the initiation 
site for future cracking due to another of the 99 Diseases?

Age Embrittlement
Often when weld repairing or making alterations to existing 
equipment the weldability of the metal is basically the same 
as when the metal was new, and thus the repair plan and 
expected weld flaws are the same as before the equipment 
was put in-service. But there are times when the material 
has obviously and knowingly degraded in service (corrosion 
or other damage mechanism) and the repair welding 
procedure needs to be adjusted accordingly, e.g., proper 
cleaning and weld preparation for repairs to steel that 
had suffered caustic stress corrosion cracking. However, 
the weldability of some alloys will degrade without any 

outward signs of damage. This 
usually occurs as the result of 
high temperature service. After 
long-term exposure to elevated 

temperatures, typically above 1000°F, certain alloys will 
loose a significant amount of their ductility
(i.e. will age embrittle) and become difficult to weld. Alloys 
that are commonly known to suffer from age embrittlement 
are cast alloy Types HK and HP (hydrogen plant or 
ethylene plant heater tubes), Alloys 800/800H/800HT 
(high temperature piping and heater tubing), and the cast 
equivalent of Alloy 800 (20Cr-32Ni-Nb castings). Age 
embrittlement can also occur in the filler metals commonly 
used to weld these alloys.

During high temperature service intermetallic phases and 
precipitates (sigma phases, carbides, etc.) will form in the 
grains and on the grain boundaries of these alloys. These 
phases and precipitates make the alloys less ductile at 
ambient temperatures and/or cause them to be highly 
susceptible to reheat cracking. When left alone these alloys 
often perform satisfactory for years. The problem typically 
arises when adjacent piping or components need to be 
replaced and new components are welded to these aged 
alloys.

If the age embrittlement condition is not expected and 
special welding procedures and practices not developed, 
a minor replacement weld can turn into days of downtime 
chasing cracks and multiple attempts to complete a 
satisfactory weld. Cracking during such attempts is 
typically intergranular and in the heat affected zone. Often 
the cracking problem is experienced during welding 
because of the low weldability, but there have also been 
experiences where reheat cracking went undetected and 
caused in-service failures.

If anticipated, considerations for successful welding of age 
embrittled alloys include:
	 • minimizing the weld joint bevel
	 • thorough cleaning of the surfaces to be welded
	 • applying butter layers with Ni based alloys

Age embrittlement can also occur in the filler 
metals commonly used to weld these alloys.
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	 • controlling weld bead size and heat input
	 • using stringer beads and controlling bead shape 		
		  (convex)
	 • controlling a tight window between preheat and 		
		  maximum interpass temperature
	 • inspecting individual passes
	 • peening the weld while it is hot to minimize shrinkage 	
		  stresses

An alternative is to solution anneal the aged component to 
restore it to a near new condition and ductility. This is not 
always practical and at times many of the above welding 
considerations have to be applied even after solution 
annealing.

Do your welders and maintenance personnel know how to 
avoid the headaches involved with trying to weld on age 
embrittled alloys?

Delayed Cracking
When welding carbon and low alloy steels cracking can 
occur as a result of hydrogen embrittlement. Hydrogen 
can easily enter the steel during welding either from the 
moisture on the steel at the time of welding or moisture 
in the coating or flux of the electrode. Another source of 
hydrogen may be grease or other contaminates on the 
surface. Alternatively, when welding on equipment after 
service exposure hydrogen may already be in the steel as 
the result of aqueous corrosion (e.g., wet H2S corrosion) or 
as the result of high temperature, high-pressure hydrogen 
service (e.g., hydrocracker reactor effluent streams). 
Cracking typically occurs after the weld has solidified 
and cooled (thus the terms delayed and cold cracking), 
especially on new components where the hydrogen is 
introduced during welding. This can occur within minutes, 
hours, or days after welding. Cracking can occur in the 
weld metal but most often occurs in the base metal heat 
affected zone (HAZ) and sometimes follows the fusion line 
between the base metal and weld metal (hence, underbead 
cracking). Other common locations are the toe of the weld 
and the weld root. The cracks may or may not be surface 
breaking and may be transgranular or intergranular. 

The cracking mechanism results from hydrogen in the 
steel, a hardened weld or HAZ 
that is susceptible to hydrogen 
embrittlement, and tensile stresses 
from restraint (residual stresses from 
weld shrinkage). When the metal is saturated with hydrogen 
at the high temperatures of welding the hydrogen does not 
cause a problem. Upon cooling the hydrogen becomes 
insoluble and collects at microscopic discontinuities in the 
steel. The stresses from shrinkage and contraction and the 
steel’s intolerance for the hydrogen cause microcracks. In 
time more hydrogen may diffuse to the microcracks and 
causes the cracks to grow. The thicker the component the 
more susceptible it will be to cold cracking, because of the 
increased restraint from welding and increased time for the 
hydrogen to diffuse from the steel.

Because cold cracking can be subsurface, can be 
microscopic and can occur some time after welding, it is not 

always detected before the component is commissioned 
for service. The best mitigation is to takes the appropriate 
steps to prevent it by controlling one or more of the three 
factors that cause it which include:
	 1. Minimize hydrogen in the steel, including:
		  a. 	weld surface free of grease and other 			 
				   contaminates
		  b. 	properly stored and hydrogen free welding 		
				   consumables
		  c. 	proper moisture control while welding and use of 	
				   low hydrogen welding processes
		  d. 	hydrogen bake out of steels that have hydrogen 	
				   introduced from service exposure
	 2. 	Minimize susceptibility to hydrogen embrittlement. 
This requires steps that lower the hardness of the weld and 
HAZ, including:
		  a. 	controlling weld metal and base metal chemistry
		  b. 	controlling/slowing the cooling rate (preheat and 	
				   interpass temperatures)
		  c. 	selecting welding parameters that control heat 		
				   input (higher heat input will slow cooling rate and 	
				   allow hydrogen to diffuse out of the weld zone and 	
				   will lower the weld and HAZ hardness)
		  d. 	postweld heat treatment, intermediate stress relief 	
				   during fabrication, and/or dehydrogenation 		
				   treatments
	 3. 	Minimize restraint and residual stresses, including:
		  a. 	weld joint design
		  b. 	proper weld fit up
		  c. 	controlling cooling rate
		  d. 	postweld heat treatment

Do you know how to predict and prevent delayed cracking 
so that delayed cracks from welding don’t become sites for 
other forms of the 99 Diseases to initiate and grow to failure 
in your pressure equipment?

Hydrogen Bake Out
As noted in the discussion on delayed cracking, when the 
steel contains hydrogen as a result of service exposure (or 
corrosion, or high temperature - high pressure hydrogen 
processing) then a hydrogen bake out may be needed to 
avoid cracking problems during or after welding. However, 
not every attempt in outgassing meets with success (i.e., 

no cold cracking). In theory, you 
simply heat the steel to an elevated 
temperature and allow time for the 

hydrogen to diffuse out of the steel, leaving it hydrogen 
free and weldable. Several key issues all play a role in 
the success of the hydrogen bake out, including: (1) the 
amount of hydrogen charged in the steel from the process 
exposure or corrosion, (2) the amount of hydrogen traps 
(e.g., interfaces at inclusions and precipitates, and voids 
at hydrogen blisters or hydrogen induced cracks, HIC), (3) 
the solubility and diffusivity of hydrogen in the alloy, (4) the 
steel thickness, (5) the alloy’s susceptibility to hydrogen 
embrittlement, and (6) whether or not the equipment is 
weld overlaid/clad with a corrosion resistant alloy or bare.

Typically the need to perform a hydrogen bake out happens 
during a maintenance turnaround and so the need for the 

A good practice is to do a “bead-on-plate” 
test on the surface to be welded.



40  INSPECTIONEERING JOURNAL   99 Diseases of Pressure Equipment     

bake out is often challenged to try and save time and cost. 
However, the time and cost to remove cracks from delayed 
cracking and attempting multiple repairs can more than 
offset the time/cost of the hydrogen bake out effort. A good 
practice is to do a “bead-on-plate” test on the surface to 
be welded. Simply weld a bead, using 
the welding procedure intended for the 
repair or alteration, about six inches 
long. Allow the bead to cool to ambient 
temperature and then wait 2 to 4 hours. Inspect for cracking 
with wet fluorescent magnetic particle testing (WFMT). If 
cracking occurs, then a bake out procedure is needed. 
If cracking does not occur, welding without hydrogen 
cracking may be possible. From the author’s experience, 
the time spent on a hydrogen bake out is often cheap 
insurance to mitigate problems associated with hydrogen 
cracking during and after weld repairs, especially if signs 
of hydrogen activity (hydrogen blistering, HIC damage or 
wet H2S related cracking) are present in the vessel. The 
time and temperature needed to bake out the hydrogen 
to a level for a successful weld repair is controversial and 
when discussing with a metallurgist and practitioners in the 
field, you will find varying degrees of opinion. A common 
“general rule of thumb” is 600°F (316°C) for four hours or at 
least 1 hour per inch of thickness. Some practitioners have 
spreadsheets with calculations based on steel thickness and 
hydrogen solubility, etc. When these moderate temperature 
bake outs have not been successful, often a bake out for 
about 1 hour (or less) at the alloy’s PWHT temperature will 
help.

When performing a bake out, another question is whether 
to bake out before removing the cracks/weld preparation, 
or after weld preparation, or both. Typically only the bake 
out after weld preparation is needed and should prove to be 
the most effective, as the weld preparation will allow the full 
surface to be welded to be more readily outgassed. In steel 
heavily charged with hydrogen, cracking can also occur 
while grinding, especially if the crack removal process is 
too aggressive. In these cases a hydrogen bake out may be 
needed before weld preparation. If the equipment is weld 
overlaid or clad with a corrosion resistant alloy, then the 
overlay or cladding in the area of the repair may need to be 
removed. The overlay/cladding will typically have a higher 
concentration of hydrogen than the base metal and during 
the bake out procedure hydrogen can diffuse from the 
area of higher concentration (overlay) to the area of lower 
concentration (base metal). This can negate the success
of the hydrogen bake out.

Before attempting repair welding, be aware of whether the 
steel may contain hydrogen from its service exposure and 
to seek advice from competent materials or inspection 
engineers who have experienced weld repairs in similar 
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delayed hydrogen cracking. Many types of in-service 
cracking have been attributed to what was in reality 
hydrogen cold cracking that may have been there since initial 
fabrication or occurred during previous weld repairs. When 
that happens, it’s sometimes very difficult to sort out what 
may be in-service environmental cracking from hydrogen 
cold cracking, and hence be very difficult to determine what 
to do about it since the strategy for operation and repairs 
to equipment that is exposed to in-service environmental 
cracking could be very different from what you might do to 
handle some previously existing hydrogen cold cracking.

Do your field service personnel know 
how to repair equipment that might 
contain hydrogen within the steel that 

could become the initiation site of some other of the 99 
Diseases?

Conclusion
In part 13 of this series I have covered a few more of the 99 
“diseases” (some of those associated with welding flaws/
defects) that can cause failure of pressure equipment; but 
there are still more welding, corrosion and degradation 
issues. Next time, I will cover a few more types of equipment 
degradation. In the meantime, do your risk assessments 
consider all the factors that could possibly or probably 
cause your equipment to fail? Do all of your welders and 
operators have the basic knowledge and understanding 
of welding flaws and degradation / cracking mechanisms 
that they need in order to help avoid pressure equipment 
failures in your facilities? Remember, it does little good for 
this information to only reside in a select few engineers or 
specialists in your company.

If you have comments or feedback on the 99 Diseases of 
Pressure Equipment, please forward them to me though 
the IJ at: tij@gte.net
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Part 14
In previous parts of this series, I have covered many 
corrosion and degradation issues, some environmental 
cracking diseases, metallurgical degradation mechanisms, 
issues associated with welding and some external corrosion 
problems. In part 14, I’m going to cover some one of 
the most insidious “diseases” associated with process 
equipment that can and does cause catastrophic pressure 
equipment failures: brittle fracture

Brittle Fracture
Brittle fracture is the sudden, very rapid fracture under stress 
(residual and/or applied) where the material exhibits little or 
no evidence of ductility or plastic degradation. What does 
that mean? Unlike most tensile failures, where the material 
plastically strains under overload conditions and becomes 
thinner at point of rupture, when a piece of equipment 
suffers a brittle fracture, there is no thinning or necking 
down. Rather it breaks “like glass” without warning, and 
may in fact fracture into many pieces “like glass”. Those 
who have actually heard or seen a brittle fracture can attest 
to how “scary”, how sudden and how loud it is. 

The most susceptible materials are carbon and low alloy 
steels, but also including the 400 series martensitic steels, 
like the 12 Cr varieties. There are a number of key factors 
that combine to give rise to susceptibility to brittle fracture. 
One of the most important factors is temperature. If the 
steel temperature is below its brittle-to-ductile transition 
temperature, then it will be susceptible to brittle fracture. 
Combine this “low temperature situation” with a critical 
sized flaw and high stress on that flaw (either applied or 
residual), then you are likely to experience a brittle fracture. 
Like the “fire triangle” that most of us have heard about, 
we also have a brittle fracture triangle. The three sides of 
the brittle fracture triangle are 1) low toughness (caused 
my material properties or low temperature); 2) critical 
sized flaw in the material (like a weld defect or other stress 
concentration); and 3) high stress on that flaw (like those 
one might experience at the edge of a nozzle or attachment 
weld, i.e. tri-axial stress state)

Other factors that can and do increase the susceptibility to 
brittle fracture include: a) metallurgical degradation, like can 
occur in some steels at higher temperatures e.g. temper 
embrittlement, graphitization, sigma phase embrittlement 
and 885 embrittlement; b) steel cleanliness and grain 
structure, e.g. large grain sizes and steel contaminants 
typically reduce steel toughness, which is a measure of 
resistance to brittle fracture; and c) material thickness 
i.e. the thicker the component the higher the likelihood 
of susceptibility to brittle fracture due to higher tri-axial 
stresses. Thicker materials produce a state of higher 
constraint, and therefore less likely to deform under stress 
as opposed to crack initiation and propagation.

An in-service brittle fracture is one of those very low 
probability – very high consequence events that must be 
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avoided “at all costs”. Hence inspectors, engineers and 
operators must be knowledgeable in the potential for 
brittle fracture of materials operating below their brittle-to-
ductile transition temperature (that’s “metallurgical speak” 
for operating below a temperature range where they are 
resistant to brittle fracture). API RP 920, Prevention of 
Brittle Fracture of Pressure Vessels (which unfortunately 
is now out of print), outlines some effective inspection 
and maintenance steps to take to avoid this potential. 
Special care and detailed procedures are necessary to 
control cooling and heating rates of heavy wall equipment 
in hydroprocess environments. API RP 579 (Section 3), 
Fitness for Service also provides excellent guidance on 
how to assess the potential for brittle fracture of equipment. 
API 510 Code for Inspection of Pressure Vessels In-Service 
also contains good guidance on avoiding brittle fractures 
of pressure vessels.

Every few years I read about a catastrophic loss/ accident 
as the result of a brittle fracture. One of the last fatal ones 
that I’m aware of was in a gas plant in Victoria Australia, 
which resulted in two fatalities, and a very large loss for 
the company, as well as a huge impact on customers 
that went without heating fuel during some cold climatic 
conditions. Prior to that incident, a nozzle fractured and fell 

off an operating column in an ethylene plant at a mid-west 
petrochemical plant, resulting in a catastrophic incident 
and enormous fire.

One of the most important Integrity Operating Windows 
(IOW’s) that needs to be established for each piece of 
susceptible equipment is that which specifies the Minimum 
Design Metal Temperature (MDMT) below which equipment 

should not be operated because of increased susceptibility 
to brittle fracture. In the case of the incident in Australia, all 
but one operator said they had no knowledge of the potential 
for brittle fracture or MDMT when their chiller suddenly 
iced-up on the outside just before it failed catastrophically.

Fortunately, many of the brittle fractures that I hear or read 
about occur when vessels are out of service, and quite often 
are the result of hydrotesting operations. Not too long ago, 
a major gulf coast refinery experienced a major crack in a 
FCCU refractory lined vessel. The vessel had been repaired 
on-the-run by installing a refractory lined box over a hot 
spot that had developed from refractory deterioration on 
the ID of the vessel. During the ensuing T/A, during vessel 
repairs, a loud crack startled the workers while they were 
working on the inside of the vessel. The crack shown in 
figure 1 and 2 emanated from the box and ran nearly 180 
degrees circumferentially around this large pressure vessel.

Another classic example of a brittle fracture that made the 
rounds on the Internet a couple of years ago involved a 
brittle fracture during hydrotesting. See figures 3&4 below.

Figure 1

Figure 2
Figure 3

Figure 4
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This one added to the numerous other ones that I am 
aware of during hydrotesting, which seems, based on 
history, like one of the most likely time to experience brittle 
fracture for a number of reasons, including: 1) too often 
not enough attention is paid to the need for heating the 
water (thereby heating the metal) in order to make sure that 
the test is conducted above the brittle-to-ductile transition 
temperature; 2) too often hydrotests are conducted during 
low ambient temperature conditions, thus compounding the 
temperature control issues; 3) not uncommonly insufficient 
attention is paid to flaw detection before conducting 
hydrotests on equipment susceptible to brittle fracture, and 
4) too often the people involved in making decisions about 
if and how to conduct the hydrotest are not knowledgeable 
about the risk of brittle fracture. I remember one brittle 
fracture during hydrotesting that emanated from a new 
manway repad that had an almost undetectably small flaw 
at the edge of the weld. Most of the stress concentration 
that gave rise to the fracture came simply from the sharp 
geometric stress concentration where the weld met the 
base metal without sufficient stream-lining and contour i.e. 
weld grinding to smooth the transition. 

Even more risky, for equipment susceptible to brittle 
fracture, than hydrotesting may be is pneumatic testing. 
The risks of brittle fracture are much higher with pneumatic 
testing because the consequences of a brittle fracture are 
so much higher. The consequences of a brittle fracture from 
a properly conducted hydrotest, (i.e. has no air remaining in 
the vessel during pressurization), are fairly low (only during 
hydrotest), and usually involve only the loss of the vessel. On 
the other hand the consequences of a brittle fracture during 
a pneumatic test (or hydro-pneumatic test) usually are the 
result of huge fragments of the vessel that are propelled 
with very high energy for hundreds of feet, sort of like the 
world’s largest grenade. No pneumatic pressure tests 
should ever be conducted without someone involved who 
is very knowledgeable in the potential for brittle fracture. 
That is even more true on heavy wall equipment.

Another petrochemical type operation that can and has 
caused brittle fractures involves nitrogen cooling or 
injection of gaseous nitrogen for other reasons into pressure 
equipment. If the process involves liquid nitrogen that is 
being gasified, then it’s vitally important that the equipment 
be designed and operated in a “fail-safe” manner that 
prevents any of the liquid nitrogen from bypassing the 
gasifier (heater/vaporizer) and entering equipment that is not 
designed for the extremely low temperatures of vaporizing 
nitrogen liquid. Several spectacular brittle fractures have 
resulted from such scenarios. 

It’s often said, “You cannot inspect for brittle fracture”. But 
that’s not entirely true. Though we can’t inspect or brittle 
fracture like we inspect for corrosion, we can inspect for 
potential critical flaws that are established by a fitness-for-
service (FFS) analysis in accordance with section 3 of API 
579. It sometimes takes only a very small flaw to give rise 
to a brittle fracture, especially in heavy wall equipment. It’s 
important that inspectors ask engineers if equipment might 
be susceptible to brittle fracture during normal operation, 

during potential mis-operation, or during start-up or shut-
down conditions. If that were to be the case, then a FFS 
analysis should be conducted in order that inspectors 
know where to look and what size flaw to look for, which 
would then need to be eliminated to avoid the potential for 
brittle fracture. If equipment is expected to lose toughness 
by some sort of metallurgical degradation during service, 
e.g. temper embrittlement, then the critical flaw size may be 
decreasing with age. If that were the case, or if crack-like 
flaws might be growing during service, then an inspection 
program for susceptible equipment should be devised 
to locate, size and repair such critical flaws that may be 
present, e.g. in hydroprocess equipment.

Conclusion
In part 14 of this series I have covered one more of the 99 
“diseases” that can cause failure of pressure equipment; 
but there are plenty more corrosion and degradation issues. 
Next time, I will cover a few more types of equipment 
degradation associated with welding defects/flaws. In the 
meantime, is the potential for brittle fracture prominent 
at your site during discussions involving: 1) risk-based 
inspection plans, 2) management of change issues, 3) 
process hazards analysis, and 4) all pressure tests? Do 
you have established integrity operating windows (IOW’s) 
for minimum design metal temperatures (MDMT) for all 
equipment that may be susceptible to a brittle fracture in-
service, especially from inadvertent misoperation? When 
you conduct repairs on a pressure vessel with an MDMT, do 
you take steps to establish (with FFS) and find (with NDE) 
any flaws that might initiate a brittle fracture in-service or 
during pressure testing? Do all of your operators have the 
basic knowledge and understanding of MDMT that they 
need in order to help avoid brittle fractures of pressure 
equipment in your facilities? Remember, it does little good 
for this important information to only reside in a select few 
engineers or technical specialists in your company.

If you have comments or feedback on the 99 Diseases of 
Pressure Equipment, please forward them to me though 
the IJ at tij@gte.net. I’ve now covered approximately 75% 
of the 99 Diseases. What other ones would you like me to 
address?

mailto:tij@gte.net
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Part 15
In previous parts of this series, I have covered many 
corrosion and degradation issues, environmental cracking 
diseases, metallurgical degradation mechanisms, issues 
associated with welding and some 
external corrosion problems. In part 
15, we’re going to cover some more 
“diseases” associated with process 
equipment that can and do cause pressure equipment 
failures in service; this time some more types of degradation 
mechanisms associated with welding flaws/ defects:

Practical/Communication Issues That Can 
Lead to Welding Flaws:
What do we mean by practical/communication welding 
issues? When we talk about welding QA/QC we typically 
focus on the technical requirements and what QA/QC 
is needed to assure that the technical requirements 
are met. Examples include the preheat, interpass, and 
PWHT temperatures and how to assure that the correct 
temperatures and hold times are used. Sometimes the 
more subtle practical issues cause defective welds, and not 
necessarily lack of specifications or welding QA/QC. You’ve 
heard the phrase that “you don’t get what you expect, you 
get what you inspect”. This issue is along the same line 
of thinking, but deals more with clear communication of 
welding requirements. Have you played the game where 
you look at a photo of a simple object, you verbally describe 
it to someone who can’t see it, and they, in turn, try to 
draw a picture of what you see. It doesn’t always come 
out exactly as you intended, does it? The same can be true 
with welding QA/QC.

The following anecdote is an example of a practical 
welding QA/QC issue that we experienced. A shop was 
making several large, heavywall Cr-Mo welds. Some of 
the welds were taking more than one shift to complete. 
The requirement was to maintain and hold the preheat 
temperature into the PWHT cycle. The normal QA/QC 
requirements were occurring. The shop foreman and 
the welders were checking the preheat temperature and 
when they finished the weld the preheat temperature was 
maintained until the component entered the furnace for 
PWHT. But if the weld was not complete at the end of the 
evening shift, everyone walked away and allowed the weld 
to cool for the night. It was of course preheated again the 
next day when the next welder completed the weld. And no 
one in the shop understood why they were having hardness 
control problems.

As inspectors and engineers we generally do well at 
specifying all the requirements for making a sound 
weld, but we don’t always do well at making sure these 
requirements are communicated and, more importantly, 
clearly understood by the people doing the work. We don’t 
always thoroughly think through which things could be 
misinterpreted and develop the needed QA/QC to avoid 
those communication pitfalls. This is especially important 
in today’s environment where there’s a shortage of skilled 
craftsmen and laborers. It is very important that the 
person doing the work understands the requirements, the 
importance of the requirements, and what to do if there are 
problems. This is even more important for field and/ or repair 
welds where the situation may have changed significantly 
from the engineer’s drawing. In these situations, much 

can be accomplished by having the 
inspector or engineer knowledgeable 
with the potential problems have a face-
to-face discussion with the welder and 

discuss how the problems may manifest themselves. This 
same discussion holds true for all parts of manufacturing 
and fabrication, not just welding.

Other experiences we’ve had with practical and 
communication issues associated with welding QA/QC:
• 	 Cooling in still air: After welding or after PWHT the
	 requirement may be to remove the insulation or 		
	 remove the component from the furnace and allow it 	
	 to cool in still air.
	 Removing the insulation and allowing it to rain or snow 	
	 on the weld is not the same thing as cooling in still air. 	
	 Also, cooling a 2 inch thick fabrication in still air, is 		
	 not the same cooling rate as cooling a 6 inch thick 		
	 reactor in “still air”. The people doing the work really 	
	 need to understand the required “cooling rate”.
• 	 Thermocouple attachment: the thermocouple must 		
	 stay in contact with the component throughout the 		
	 heat treatment process. Bands or wires expand 		
	 and the thermocouple lifts. Tack welds are bumped 		
	 and thermocouples detached while components are 	
	 loaded into the furnace. For thick components, 		
	 the time at temperature for the furnace is not the time 	
	 at temperature for the component. If your thick,
	 large component is in the furnace with thin 			 
	 components, it may not reach the desired PWHT 		
	 temperature. If your thin component is in the furnace 	
	 with thick components it may reach a much higher 		
	 than the expected temperature or be at temperature 	
	 longer than desired.
• 	 Porosity or cracking problems: When repairing vessels 	
	 that have been in hydrogen service, does the welder 
	 know to stop welding and discuss changes needed 		
	 when he is confronted with porosity or 			 
	 cracking problems? During maintenance turnarounds, 	
	 complete shifts of welding can be lost because of the 	
	 pressures to finish the job and the welder is pushing 	
	 to make the best weld possible in the time allotted 		
	 only to have the radiograph show cracking 			 
	 and porosity. Yes a conscientious welder may stop 		
	 and get help, but some contract welders have not 		

“you don’t get what you expect, 
you get what you inspect”.
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	 when pressed to complete the job.
• 	 FCAW: Welders are often qualified in the shop with no 	
	 outside environmental factors, e.g. wind. Does 		
	 the welder know the importance of shelter in the 		
	 field and the need to maintain shielding? The 		
	 loss of shielding may cause problems with the 		
	 weld that are not always apparent to the welder, e.g., 	
	 toughness or hardness control.

Do the people doing the work know and clearly understand 
the requirements and the reasons for them? Do they know 
what problems can occur? Do you know when these 
problems might occur so that you would know when is the 
best time to conduct an audit of the welding QA/QC?

Welding to Weld Overlayed or Clad 
Equipment:
A myriad of issues need to be considered before welding to 
or repairing weld overlayed or clad equipment. (By clad we 
mean roll-bonded or explosion bonded, i.e. basically 100% 
metallurgically bonded, and not a loose or seam-welded 
liner, e.g., not strip lining.) We’ve listed many of the QA/
QC issues here along 
with items to inspect 
or check. This is not 
intended to be an 
all-inclusive treatise 
on the topic and the items that apply to your situation will 
depend on your specific application. The best advice we 
can provide is to make sure that a welding or metallurgical 
engineer that is familiar with the base metal, the overlay/
cladding material, and the service environment is involved 
in developing the welding plan.

There are typically two situations where you want to weld 
to the existing weld overlay or cladding in a vessel. One 
is when you need to repair the damaged overlay/cladding 
and the other is when making revisions to vessel internals 
e.g. you need to alter the existing design or add internal 
attachments.

Issues when adding/altering attachments:
• 	 Will the overlay/cladding hold the added load, i.e., not 	
	 disbond or crack and peel away from the base metal 	
	 due to the added shear and tensile stresses? This 		
	 needs to be checked with an engineering analysis.
• 	 Does the existing overlay/cladding have full integrity?
	 o 	Has it already disbonded from service conditions or
		  was it disbonded from original manufacturing in the
		  area associated with the attachment? This is 		
		  typically checked with straight beam ultrasonic 
		  testing (UT). The amount of disbonding, if any, may 	
		  need to be part of the analysis mentioned above.
	 o 	Is it cracked in the area of interest? Many austenitic
		  overlays/claddings suffer from intergranular 		
		  corrosion or stress corrosion cracking, chloride 
		  stress corrosion cracking, or if the overlay/cladding 	
		  embrittled in service it could be full of tiny thermal 
		  fatigue cracks. Magnetic particle testing (MT) or 		
		  penetrant testing (PT) may be needed depending on 	

		  whether the overlay/cladding is ferritic or austenitic.
	 o 	Is it embrittled? Ferritic claddings such as the 12
		  Chrome type (Type 405 or 410 stainless steels) are
		  susceptible to 885F (475C) embrittlement. 300 		
		  series stainless steel overlays are susceptible to 
		  sigma phase embrittlement (from service or during 	
		  fabrication heat treatment of the vessel). These 
		  embrittled corrosion resistant layers may crack or 		
		  disbond under the thermal stresses induced 		
		  by welding. A short beadon- plate welding test 		
		  may be advisable to check the weldability of the 		
		  existing overlay/cladding.
• 	 Will the welding procedure cause damage to the base 	
	 metal beneath the cladding/overlay? This is typically 	
	 a concern when the equipment is in high-temperature 	
	 and/or high-pressure hydrogen service.
	 o 	Is the base metal (typically a ferritic, low alloy steel,
		  or carbon steel) temper embrittled and/or hydrogen
		  embrittled? If so, there is a concern of cracking from 
		  the thermal stresses of welding. A metallurgical/		
		  welding engineer needs to be involved in this 		
		  evaluation and can determine if the steel can be de-	
		  embrittled or if the welding parameters (e.g., heat 
		  input and preheat) can mitigate concerns.
	 o 	Is the hydrogen concentration in the base metal 		
		  such that there are concerns of hydrogen stress 
		  cracking during welding or delayed hydrogen 		
		  cracking after welding? The need to involve a 		
		  metallurgical/welding engineer and control of the 
		  welding parameters applies here.
	 o 	Will the heat input from the welding process cause a
		  new heat affected zone or hard spot in the base 
		  metal, making it susceptible to hydrogen stress 		
		  cracking in service? The best mitigation here is to 
		  qualify the welding process, and the welder that is 	
		  to perform the work in the field, with mock-up 		
		  simulating the field or shop conditions. Keep in 		
		  mind that the mock-up sample that is to be tested 	
		  will typically be done in an ideal shop environment, 	
		  thus there needs to be an appropriate amount of 		
		  QA/QC on the job to assure that welding 			 
		  parameters used to qualify the mockup are adhered 	
		  to during the job. Qualifying the welder(s) that will 		
		  actually perform the work is equally as important as 	
		  qualifying the welding procedure.

Issues when repairing the existing weld 
overlay or cladding:
Many of the concerns and issues listed above for adding 
attachments also apply when repairing the existing weld 
overlay or cladding. I’ve repeated some of these concerns 
below in a summary list, but I did not repeat the remediation 
or QA/QC, as they are the same as stated above. The typical 
issues for repairing existing weld overlay or cladding are:
• 	 Is the surrounding weld overlay/cladding that is to be 	
	 repaired intact, i.e., disbonded in the area of the repair, 	
	 cracked, or embrittled?
• 	 Will the repair cause damage to the base metal 		
	 beneath the cladding/overlay?
• 	 The only real additional concern here is dilution. Has 	

you need to alter the existing 
design or add internal 

attachments.
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	 the welding procedure, including filler metal, been 		
	 selected and adequately qualified to assure that 		
	 dilution effects will not cause deterioration of the 		
	 corrosion resistance.

Have you thought through all the potential issues with 
repairing or welding on overlayed or clad equipment, 
including: metallurgical effects, changes in corrosion 
resistant properties, needed 
welding QA/QC issues and 
potential problems before welding 
and during welding. Have you 
anticipated all the potential in-
service damage mechanisms 
(e.g., hydrogen stress cracking, corrosion of diluted welds, 
etc.) so that you have the needed QA/QC during the repair 
or alteration?

Stabilization Heat Treatment of Austenitic 
Stainless Steel Weldments:
In the welded condition many stainless steels are susceptible 
to rapid intergranular corrosion or stress corrosion cracking. 
This is because the heat from welding sensitizes the base 
metal heat affected zone (HAZ) and the weld. Sensitization 
is the condition where chromium carbide precipitation at 
the grain boundaries (from a heating process, e.g., welding, 
hot forming, hot bending, service temperature, etc.) 
reduces the amount of chromium in solution in the stainless 
steel. The temperature range for sensitization to occur for 
austenitic stainless steels is approximately 700 °F to 1500 
°F. Since the carbides precipitate in the HAZ or weld deposit 
at the grain boundaries, the chromium depletion is at the 
grain boundaries, and this significantly reduces the steels 
grain boundary corrosion resistance. Typically the first line 
of protection is to use an L grade (low carbon) stainless 
steel and/or filler metal (e.g., Types 304L or 316L stainless 
steel). Lower carbon, means fewer carbides to deplete the 
chromium. However, with enough heat or time sensitization 
can still occur in the L grades.

The next level of defense is to use chemically stabilized 
grades of stainless steel like Types 321 and 347. For these 
stainless steels Ti (Type 321) or Cb (Type 347) is added. The 
intent is for titanium or columbium carbides to form leaving 
chromium in solution. However, some chromium can still be 
precipitated when the alloy is heated in the 700 °F to 1500 
°F range. The next level of defense is to thermally stabilize 
the chemically stabilized alloy. Thermal stabilization occurs 
by heating the chemically stabilized stainless steel to a 
temperature where titanium or columbium carbides form 
preferentially and chromium carbides do not form. This 
heat treatment is conducted at approximately at 1625 °F 
for chemically stabilized stainless steels and the hold time
is typically 4 hours. The temperature is different for other 

alloys, e.g., Alloy 20 Cb-3, Alloy 825, Alloy 625, etc. Note 
that this heat treatment is generally not beneficial for alloys 
not already chemically stabilized, because the purpose of 
the thermal stabilization is to preferentially form other types 
of carbides over chromium carbides.

This level of defense is common and the stainless steel base 
metals e.g. Types 321 and 347 are generally purchased in 
the thermally stabilized condition and placed in service in 
the as welded/fabricated condition, depending on severity 
of service, i.e., no further stabilization heat treatment 
is needed after the welding process. The base metal is 
usually stabilized enough to resist much of the sensitization 
to occur from the welding process.

For the most severe operating conditions or for the highest 
level of defense (that is the highest 
level one can achieve using 
300 series stainless steels) the 
component is fabricated from a 
chemically and thermally stabilized 

stainless steel, and then the weldment is thermally 
stabilized. While this is not a frequent need, under some 
corrosive circumstances it may be advisable. The post 
weld thermal stabilization heat treatment would be the 
same heat treatment as previously discussed. On those 
few occasions when heavy wall austenitic stainless steel 
piping needs to be stress relieved (e.g. heavy wall, large 
bore piping) then the stress relief PWHT should be this 
stabilization PWHT to prevent sensitizing the weldment. In 
any case adequate QA/QC is needed during the thermal 
stabilization heat treatment (e.g., heating and cooling rates, 
hold times, temperatures)
to assure that the weldment is stabilized. This is especially 
true when the heat treatment occurs in the field.

Types 321 and 347 stainless steels are the alloys most 
commonly thermally stabilized, but these alloys are also 
susceptible to weld and HAZ cracking problems during 
these heat treatment procedures, i.e., reheat cracking and 
grain boundary liquation cracking (mechanism covered 
in a previous article). This susceptibility increases with 
increasing component thickness. Therefore, another part 
of the QA/QC program should include some type of surface 
(PT) and volumetric (UT) inspection. Remember that these 
cracking mechanisms can be subsurface only.

Do you have process services where you may need to 
thermally stabilize your austenitic stainless steel welds? Are 
the base metals chemically stabilized stainless steels? Do 
you have adequate QA/ QC practices in place for the whole 
project to assure that your heat treatment is achieving the 
stabilization benefit you’re seeking and will not cause other 
forms of cracking?

Conclusion
In part 15 of this series I have covered a few more of the 
99 “diseases” (more of those associated with welding/
fabrication flaws/defects) that can cause failure of pressure 
equipment; but there are still more welding, corrosion and 
degradation issues. Next time, I will cover a few more types 
of equipment degradation. In the meantime, do your risk 

In the welded condition many stainless steels 
are susceptible to rapid intergranular 
corrosion or stress corrosion cracking.
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assessments consider all the factors that could possibly 
or probably cause your equipment to fail? Do all of your 
welders and operators have the basic knowledge and 
understanding of welding flaws and degradation / cracking 
mechanisms that they need in order to help avoid pressure 
equipment failures in your facilities? Remember, it does little 
good for this important information to only reside in a select 
few engineers or technical specialists in your company.

If you have comments or feedback on the 99 Diseases of 
Pressure Equipment, please forward them to me though 
the IJ at: tij@gte.net. We’ve now covered approximately 
85% of the 99 Diseases. What other ones would you like 
us to address?
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