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• Caprolactam production to produce Nylon 6
• Reactor No.5 was leaking cyclohexane and was 

removed from service. 
• A by-pass pipe was installed to connect reactors 

No.4 and No.6 so that the plant could continue 
production. 

• Two months later the by-pass pipe failed and 
released 30 tons cyclohexane. 

• The vapor cloud was ignited, killed 28 workers, 
destroyed the whole plant.

Global impact:
• Changed Legislation
• HAZOP, MOC 

Key highlights
Flixborough disaster, June 1st 1974
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Why was Reactor 5 replaced by 20” by-pass ?

Question 1: 
Why was Reactor 5 removed?

Question 2: 
What about this 8 inch pipe?

Similar reactor in different plant



The situation around 1974 → Reactor chemistry
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Consequences of process change
- Without agitation in the reactor, the water 

settles in the bottom during hot idling. 
Reactor 4 produced the most water.

- Water caused hammering effects

- Likely consequence: peak loads on agitator + 
seal causing leakage of flammable vapors at 
the top of reactor 5.

- Response: Use of water-spray to knock down 
the vapors

Reactor chemistry 
- 155°C, 8 barg, 6% conversion
- Cyclohexane + O2 → Cyclohexanone + H2O

- To cut electricity cost it was decided to turn 
off the reactor agitators

- Some agitation via the injection of air into 
the hot reactor mass.

Economic context
- Oil crisis - high energy prices
- Pressure on cost



A1: Why was reactor 5 removed (1)

Construction of reactor:
- wall: 13 mm carbon steel (for strength) + 3.2 mm 316L
   stainless steel lining (1/2”+ 1/8”)
- Insulated

1. Water enters the insulation, evaporates + concentrates; 
note: water = cooling water, conditioned with nitric acid 
for pH control.

Low quality insulation plating



A1: Why was reactor 5 removed (2)
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1. Water enters the insulation, evaporates + concentrates
2. Nitrates in the water cause cracking in the carbon steel 

shell, not visible behind the insulation; the stainless lining 
keeps it tight.



A1: Why was reactor 5 removed (3)
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1. Water enters the insulation, evaporates + concentrates
2. Nitrates cause cracking in the carbon steel shell, not 

visible behind the insulation; the stainless lining keeps it 
tight.

3. When the crack in the carbon steel becomes too large, 
the lining fails by mechanical overload, and a new 
cyclohexane leak occurs



A1: Why was reactor 5 removed (4)
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1. Water enters the insulation, evaporates + concentrates
2. Nitrates cause cracking in the carbon steel shell, not 

visible behind the insulation; the stainless lining keeps it 
tight.

3. When the crack in the carbon steel becomes too large, 
the lining fails, and a new cyclohexane leak occurs

4. The reactor is taken out of
service, insulation is removed,
parts are cut out for damage
investigation.

 

Flixborough 
reactor 5
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• Leakage happened through a large crack: ~2 m long;
segments were removed for metallurgical investigation

• The overall image of the reactor shows no significant corrosion
• What happened?

• Cooling water entered the thermal insulation at openings 
and defects in the insulation plating → risk for Corrosion 
Underneath Insulation (CUI)

• Why don’t we see a lot of corrosion on the reactor?

• Operating T outside the CUI risk range: -5 - +140°C

• Too little time (typically CUI issues arise after >20 y)

• Lead (Pb) containing paint? (common in those days)

A1: Why was reactor 5 removed (5)

 

• CUI is the single largest maintenance & repair cost 
in chemical industry, and has caused numerous 
process safety incidents with many casualties.

• Sources of water: rain, cleaning, sprinkler tests, fire 
fighting tests… Prevent CUI: keep it dry
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• Leakage happened through a large crack;
segments were removed for metallurgical investigation

• Through evaporation of the water the levels of nitrates increase, 
and nitrate-stress corrosion cracking (SCC) can develop. 

• Requirements for this failure mechanism are Carbon steel + 
nitrates + tensile stresses (+ more).

• The metallurgical investigation confirmed nitrate-SCC: 
intergranular, branched cracks in the carbon steel, not in the 
stainless steel.

• Once the crack in the carbon steel is large enough, the stainless 
steel lining can not take the stress from internal pressure, and 
the lining fails due to mechanical overload (in this case: only 
just: the vessel leaked, but did not rupture)

A1: Why was reactor 5 removed (6)

Flixborough crack

Other nitrate-SCC case

Light-microscopy; cross cut

SEM; fracture surface

Through evaporation of water, even very 
diluted media (e.g. tap water) concentration 
of dissolved salts can take place, resulting 
in SCC of carbon as well as stainless steel:

Chloride-SCC in stainless steel Beware of drips



Conclusion
• Reactor 5 needed to be removed due to corrosion 

issues, not because of pressure peaks in the process.
• Not well-designed bypass with 2 bellows
• Supported by scaffolding 

Why did the bypass fail?
1. Agitator of reactor 4 was still in repair. Steam 

hammering caused vibrations which made the 
bypass fail.

2. 8” pipeline failure caused an initial explosion 

Reactor 5 removed for a 20” by-pass
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• Initial cyclohexane leak ignited, fire causing local high 
temperatures on insulated stainless steel piping.

• Zinc melted off of galvanized wire used to fit thermal insulation.
• Liquid zinc drips on bare stainless steel parts: the 8”line.
• Depending on tensile stress level, instantaneous cracking 

and/or rupture of the stainless steel can occur as the molten 
metal penetrates the steel intergranularly: 
Liquid Metal Embrittlement (LME).

• Evidence of LME by Zinc in SS was found in several pieces of 
piping retrieved from the incident site, contributing to (more) 
cyclohexane leaks and fires. 

• According the 8”pipe hypothesis this led up to an explosion 
near the 20” bypass line, which destroyed it by external forces 
(as opposed to the – officially accepted - 20” bypass theory, 
where it failed due to internal forces)

A2: The 8” pipe hypothesis – chain of events

70 m70 m

Samples of cracked AISI 316 L lines out of 
Flixborough plant after the fire. 

LME: Intergranular crack pattern in the 
AISI 316L lines (Flixborough). EDX 
analysis showed Zinc in the cracks.

Liquid zinc can melt down from galvanized wire or mesh, as used in 
Flixborough, to fit thermal insulation. But other parts like structural steel, 
stairs, walkways, railings are also often from galvanized steel throughout 
industry. This provides excellent corrosion protection, but potential 
safety implications due to LME in case of fire should be considered.

Consider LME risk in case of fire
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Chain of events summary

Failing of 
20” by-

pass 

Impact 
by Steam 
pressure 

spike

Agitator 
#4 in 
repair

Agitators 
damaged 

due to 
steam 

pressure 
spikes.

Agitators 
stopped 
to save 
energy 

cost

Oil crises 
’70s

Reactor 5 
cracked -

out for 
repair

Reactor 5 
seal leak 
mitigated 

with 
cooling 
water 

Initial 
explosion 

after 
8” pipe 
failure
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- Augusta Georgia US plant until 2016
- Learnings from Flixborough
- More legislation and enforcement

Inherent safe design?



We bring progress to life
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