
Low-alloy steel 
wastage

Continued boric 
acid corrosion

Continued 
leakage of 

coolant water

Repairs, 
inspections 

delayed until 

Leakage 
undetected

Cavity through 
entire reactor 

pressure vessel 

Leaking coolant 
evaporated into 

boric acid 
solution

Through-wall 
crack in control 
rod drive nozzle 

3

Long standing 
leaks not 
resolved

Inspections 
delayed

Control rod 
drive nozzle 

leakage

AND/OR

AND

AND/OR

Repairs 
delayed 

Leakage 
detection 
methods 

Safety Goal 
Impacted

Customer Goal 
Impacted

Significant 
precursor to 
core damage

Reduced 
production of 

electricity

Matls/Labor 
Goal

Impacted Damage to 
vessel - $293 
M repairs and 

upgrades

Plant closed for 
2 years

Production 
Goal

Impacted

Safety Goal 
Impacted

Loss of 
principal fission 

product
barrier

Thickness of 
reactor 

pressure vessel 
head 

Holds operating 
pressure

Only stainless 
steel cladding 

remains

Cladding not 
designed as 

pressure 
boundary

AND

AND

Leak path

Leakage not 
stopped

Cracks in 
control rod 

drive nozzle 
near weld

Cracks 
undetected

Primary water 
stress corrosion 

cracking

Susceptible 
material 

Alloy 600 (low-
alloy steel)

Inadequate 
boric acid 
corrosion 

control 

Cracks initiated 
earlier than 
expected

Fabrication 
issues

Plant operating 
conditions

Boric acid 
corrosion 
occurred

Boric acid 
corrosion not 

stopped

Rate higher 
than expected

Used less 
conservative 
corrosion rate 

Evidence: 6.63" 
thick

Meant to 
provide 

corrosion 
resistance 

308 Stainless 
steel

Wall thickness 
0.65 inches

Tensile Stress
Residual stress 

in weld

Nozzles welded 
to head

Crack entirely 
within weld not 
detected with 

Loss of design 
basis pressure 

retaining
boundary

?

Evidence:0.12" 
deflection due to 
pressure

Increased 
susceptibility to 

cracking

Operating temp 
higher than 
other B&W 

plants

Higher 
operating temp 

increases 
susceptibility

Weld shrinkage

Evidence: 605 F vs. 
602F

Operating temp 
higher than 
other B&W 

plants
Evidence: 605 F vs. 
602F

Cracks 
propagate

Plant operating 
pressure

Fabrication 
issues

See same cause on map

See same cause on map

Annealed at too 
low a 

temperature
Evidence: 1600-
1700F vs.1850-
1950F

Lower 
temperature 

increases 
susceptibility

Higher yield 
strength ?

Evidence: Most of nozzles 
exhibiting cracks were from 
highest-yield strength heat

Yield strength 
of inside much 

lower than 
outside

Work hardening 
of outside 
diameter

Straightening 
process used

Concentrated 
boric acid 

solution present

Borated water 
leaks from 

crack

Water 
evaporates to 
form boric acid

At 302F, some 
boric acid 

dehydrates to  
boric oxide

Some boric 
acid remains

At 365F, boric 
acid becomes 

viscous 
(molten)

Highly corrosive

Rates found 
with non-

representative 
configuration

Rate increases  
depth and 

surface area 
increase

Rates with 
representative 

closely 
matched

Evidence:1.07 
in3/year

Evidence:2.37 
in3/year

Evidence: 1994-
1996

Evidence: Average 2 
in3/year

Boric acid 
accumulated on 

head

Corrosion 
undetected

Inspection 
difficult

Access 
limitations

Boric acid not 
removed

Boric acid 
buildup blamed 

on flange 
leakage ?

Flange leakage 
very common

Some areas 
only accessible 

when not at 
power

Did not identify 
source of 
corrosion 
products 

Leakage not 
detected by 

leakage 
systems

Below minimum 
detection 
capability

Did not believe 
inspection 

methods were 
reliable

Can only 
inspect during 

refueling -
every 2 years

Old corrosion 
products not 
completely 

Access 
limitations

Deposits 
difficult to 
remove 

Minimize dose

Believed 
nozzles at 

periphery more 
?

Dried boric acid 
not corrosive

Boric acid found 
previously did not 
cause corrosion

?

Layer of boric 
acid potentially 
protects surface  

Keeps water 
away from the 

surface

Plant younger 
than other 
plants with 

Cracking is 
age-related 

phenomenon

Believed plant 
too young

Evidence: probabilistic 
susceptibility ranking

Did not exect to 
see leakage in 
center nozzles

Believed 
leakage would 

be visible in 
peripheral 

Gap between 
nozzles and 
reactor head 

where deposits 

Discoloration thought 
to be aging of boric 
acid (vs. corrosion)

No full 
inspection of 
reactor head

No commitment 
to NRC for 
inspection

Believed low 
risk of a crack 

in CRDM
nozzles

No cracks 
discovered in 

U.S.

Modification to 
add openings to 
allow inspection 

delayed

Lack of funding

Current inspection 
techniques 

thought adequate

Leakage 
masked by 

flange leakage

Leaking flange 
not repaired

Amount of 
leakage not 
considered 

Control rod 
drive 

mechanism 

Accumulation of 
boric acid 
precluded 
inspection

Acceptance of 
boric acid 

accumulation

High 
temperature 

area

Minimize 
radiation dose

Early signs of 
corrosion 

missed, ignored

Missed, ignored 
air cooler 
clogging

Missed, ignored 
radiation 

monitor filter 
clogging

Ignored 
discoloration of 

boric acid 
buildup on head

Increase in 
Boric Acid 

Collected on 
Cooling Coils 

Ignored change 
in the color of 

Boric Acid 
Deposits 

Assumed 
Changes in 

Volume Due to 

Assumed 
Changes in Color 
Due to Corrosion 

Increased 
frequency of 
filter changes

Evidence: Monthly to 
every other day

Clogged with 
Corrosion 

Products from

Evidence: One Drop per 
Second Will Leave 15 
Pounds of Boric Acid in 1 
Year

Exposure to 
high 

temperature 
primary water

Leakage into 
atmosphere 

(not "identified")

AND

Head made of 
low-alloy steel 
(carbon steel)

AND

Evidence:Corrosion 
process ongoing for at 
least 4 years

AND

AND

Removal on 
"best-effort" 

basis

Deposits very 
adherent

Evidence:Some had to 
be removed with 
crowbar

See same cause on map

Boric acid 
accumulated on 

head
See same cause on map

AND

AND

AND

AND

AND

Believed 
problem to be 

low-risk

AND

AND

AND

AND

AND

AND

AND

Believed 
problem to be 

low-risk

See same cause on map

AND

Boron in 
coolant water

High 
temperature of 
reactor surface

Minimize 
production 

impact

Minimize dose

AND

AND

No full 
inspection of 
reactor head

AND

AND

AND

AND

AND

AND

Crack inititation
Crack inititation

AND

AND

AND

AND

AND

AND

AND

AND

Evidence: Cracks 
initiated 1987-1993

AND

AND

AND

AND

Believed looking 
for leakage 

effective to find 

AND

AND

AND

AND

AND

AND

AND

AND

AND

AND

AND

Did not view as 
a safety 
concern

Assumed boric 
acid crystals 

would form (vs. 
solution)

AND

Leakage rate 
much less

Leak limit 1.0 
gallon per 

minute

AND

Cracking not 
considered a 

safety concern

Cracks have 
low growth rate

Cracks 
considered 
unlikely to 

spread

Alloy 600 has 
extremely high 
flaw tolerance

CRDM nozzles 
made of Alloy 

CRDM nozzles 
made of Alloy 

600

AND

AND

AND

Delay approved 
by NRC

Risk 
assessment 

deemed 
acceptable

Risk 
assessment 

analysis 
ineffective

Did not 
consider 

uncertainty in 
analysis

Risk level 
higher than 
generally 

AND

AND

Corrosion

Boric Acid Leakage

Cracking

AND

Ineffective 
inspections

Evidence: Leakage 
approx. 0.003 gpm

Solutions: Prioritize 
modification

Solutions:  Require 
full inspection

Solutions: Revise 
risk criteria

Solutions: Analyze 
changes

Solutions: Analyze 
changes

Solutions: Analyze 
changes

Solutions: Prioritize 
full removal Solutions: Use other methods 

to minimize dose

Solutions: Use most 
conservative rates

Solutions: Use representative 
configuration

Solutions: Remove 
boric acid 

Solutions: Use 
corrosion resistant 
layer on outside

Solutions: Repair 
leaks

Solutions: Revise criteria 
for risk assessment

Solutions: Use other methods 
to minimize dose

Solutions: Prioritze repairs that 
could affect safety

Solutions: Determine other 
leakage methods

See same cause on map

Solutions: Prioritze repairs that 
could affect safety

Leaking flange 
not repaired

See same cause on map

Solutions: Relax welding 
sresses

Solutions: Lower operating 
temperature

Solutions: Use an alternate 
material or cladding

Solutions: Equalize 
strengths

Solutions: Evaluate manufacturing 
process before acceptance

Solutions: Re-evaluate 
crack criteria

Solutions: Analyze 
changes

Solutions: Use alternate 
inspection method

Solutions: Use alternate 
inspection method

Solutions: Re-evaluate 
crack criteria

Solutions: Re-evaluate 
crack criteria


