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Nuclear energy Is clean and it is safe
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Worldwide use of nuclear energy to generate electricity
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The fuel in a light water reactor

Alloy for cladding Nominal Composition in mass
- The fuel in a light water reactor are slender Sercent

rods in a bundle. Zircaloy-2 or Zr + 1.2/1.7Sn + 0.07/0.20Fe +

« Each rod is a tube filled with ceramic fuel R60802 0.05/0.15Cr + 0.03/0.08Ni (Fe+Cr+Ni =
0.18-0.38)

Zr +1.2/1.75n + 0.18/0.24Fe +

R60804 0.07/0.13Cr (Fe+Cr = 0.28-0.37)

Zr + 1Sn + 1Nb + 0.1Fe (Optimized
Zirlo has 0.67Sn)

S

 Currently the tube or cladding is a zircaloy
alloy (metal) and the fuel is urania (ceramic)

* The current pair zircaloy + urania was born
In the late 1940s (unchanged for 70 years).

 The fuel is partially changed in a reactor Zr + 1Nb + 0.140
every ~2 years. E110 Zr + 1Nb

E635 Zr +1.2Sn + 1Nb + 0.35Fe

Zr-2.5Nb or R60904 WA TyR\e)



The fuel cycle

* The fuel rod first needs to
be manufactured, and
assembled.

* The design of the fuel rod
Is for the entire fuel cycle
including final disposal or
reprocessing.

Life Cycle of a Fuel Bundle

Reactor ~6/8 years

~ 1 Million years




Degrada“()n Of Zirconium Alloys
Zirconium alloys
during reactor service

Zirconium alloys
Water Side Degradation

Fuel Side Degradation

General uniform oxidation is
understood.

Little internal oxidation

No localized corrosion

Nodular corrosion, is understood &

controlled.
Environmental assisted cracking
Hydriding due to corrosion, nota (PCMI') by iodine — known and
limiting factor. controlled.

Shadow Corrosion - only in BWR,
currently rare.

No classic environmentally assisted
stress cracking.

Crud induced localized corrosion,
rare.

Debris Fretting — the major current
cause of fuel rod failure




Uniform OD corrosion/oxidation of Zircaloy tube.

Mass Change (final - initial) (mg/cm?)
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Nodular corrosion and hydriding

circumferential

sources:
Adamson & Horn/Cheng

ZIRCALOY~-2, DIFFERENT RODS

radial

| 200uym Mag= 50X Signal A = SE2 21 Nov2008 StageatT= 0.0° Reference Mag = Polaroid 545

COURNOYER
} EHT = 2.00kV WD =114 mm File Name = Zirc-2 ASTM test 50x_06 tif




Shadow corrosion &
ID iodine cracking

Channel

Control Blade
Handle

Control
Blade

Tensile Stress:
Power Ramp

Zirconium Alloy:
Susceptible
Material

Aggressive Environment:
lodine, Zrl,

E___ shifts underirradiation

corr

x

E.o.r Zr Alloy

No irradiation

' E.orr 2r Alloy
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Debris Fretting, the current leading mode of
faillure of LWR fuels

2014-2018 2014-2018
Global BWR Cycles Shutdown with Failures Global PWR Cycles Shutdown with Failures
= Debris = GridtoRod Fretting = Baffle-Related « Fabrication = Duty-Related = Unknaown = Debris = Gridto Rod Fretting = Baffle-Related - Fabrication = Duty-Related = Unknown
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Debris fretting Examples of Debris Fretting Failure perforotii_ons
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Debris found in a feedwater heater where a fretting fuel failure occurred
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Reactor Residence
~6/8 years

o Nuclear Waste Geologic R
~ 1 Million years

epository
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Cooling Pools in Nuclear Power Plants

Fuel rods stored under water need to survive well for 20 years or more.

The water in the pools has a precise control of its chemistry.

The most common parameters specified and monitored regarding water quality include:
- pH (=7) (in the range 5.5 to 9)
- Conductivity
- Water turbidity (from microbial activity)
- Chemical composition (i.e. Cl-, F, SO,%) (<0.5 or <0.1 ppm CI")
- Temperature (lowest possible, generally <66°C)
- Biocide (such as H202) to control microbial activity.

The conditions may vary from plant to plant (country to country).

A 4
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Cooling pool storage of used fuel

HHH (B

 Source DOE, NRC
https://www.osti.gov/serviets/purl/7284014/

* There are no obvious degradation
mechanisms which operate on the
cladding under pool storage conditions
at rates which are likely to cause
failures in the time frame of probable
storage.

Commercial light-water nuclear reactors store spent radioactive fuel
3 in a steel-lined, seismically designed concrete pool under about 40 feet
(12.2 meters) of water that provides shielding from radiation. Water pumps
supply continuously flowing water to cool the spent fuel. Extra water for
the pool is provided by other pumps that can be powered from an onsite
emergency diesel generator. Support features, such as water-level monitors
and radiation detectors, are also in the pool. Spent fuel is stored in the pool
until it can be transferred to dry casks onsite (as shown in Figure 42) or

transported offsite to a high-level radioactive waste disposal site.
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https://www.osti.gov/servlets/purl/7284014/

Dry Cask Storage System

sources: NRC, DOE

« At some nuclear reactors across the US, spent fuel is kept on site,
above ground, in systems basically similar to the ones shown here.

* Once the spent fuel has cooled, it is loaded into special canisters.

- Each canister is designed to hold approximately 2-6 dozen spent
fuel assemblies, depending on the type of assembly.

« Water and air are removed. The canister is filled with inert gas, and
sealed (welded or bolted shut).

« The principal likely Zircaloy cladding degradation mechanisms are
- Creep rupture,
- SCC, and
- DHC (delayed hydride cracking)

Bundle of

used fuel
assemblies
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Geologic repository fuel degradation predictions

/ Red line = temperature

» The zirconium alloy cladding will be enclosed in i 7 e e
the waste package. a = s
T oo Pt [ ". £
. . . . ST B M-.,'-. =
* The environment inside the waste package will be — §=F— ¥ /- = §
non-corrosive, dry and low temperature. " | " 3
. . ] » }-: ’/ 'u g
+ Creep and delayed hydride cracking may be — e K
possible but unlikely. e ——————
- Thousand of years may pass before the external T
environment corrodes through the external waste ENGTT
package. I L} 1] v vV

* Zircaloy cladding would be the last barrier for the  ggure 1. Temperature profile of the waste package
environment to degrade before the environment at Yucca Mountain '’
reaches the toxic waste.
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Summary and

Conclusions

s
e

The fuel of light water reactors includes urania
pellets inside zirconium alloy tubes.

The degradation of the fuel cladding can be
separated in four steps during the fuel cycle

* Reactor residence, shortest time but
harshest environment

» Pool residence, wet and mild environment
» Dry cask, second longest time, dry and mild

* Repository conditions, longest time and mild
environment inside the container.

Most of corrosion issues inside the reactor have
been understood and solved.

No problems in wet pool storage.

No current issues on dry cask storage.






Materials in a light water power reactor

Materials and Components in PWRs

Source: R. W. Staehle

Primary Circuit Secondary Circuit
Anti-vibration bars:

Allay 600, 405 SS

Vesscl: alloy steel
Clad: 308, 309 S

Turbine:

* Rotor: low alloy steel

* Blades: 17-4PH, 403 SS

* Blade attach: low alloy steel

MSR:
439 ferritic steel

Carbon steel

Steam dryers:
304

SG vessel wall:

Welds: Low alloy steel
* §S 10 SS: 308 SS 4 Diaphram, Cr stecl
. B Recone
Steel to SS: 308, 309 m‘  mertiors

CRDM housing: * Retaining ri:
Alloy 600MA, 690TT high xlglllf
S high toughness
ure s « Copper
Alloy steel | Traenforto 4 uctors

Vessel:

* Alloy steel

« Clad: 308, 309 SS

Control rod:
* SSclad
* B4C+SS poison

Core structurals:
304 SS

High strength:
A ;

___——— Condenser tubcs;

| * TiorSS

. — tubes

| Condenser tubesheet:

+ Cathodic protection
or titanium clad

Condenser structural:
Water side: carbon steel

Cosli
Water

Cooling Water: River or
Sea Waler, Coolimg Tower

Primary piping:
304, 316 SS
Pump materials:

+ HiStr: A 286, 17-4 PH, X 750
* Structural: 304, 316 SS

Primary plenum clad:
308, 309 SS

SG tubesheet:
Low alloy steel

Divider plate:
Alloy 600

Preheater tubing:
34 SS

P SG tubing: Tube supports: Secondary feedwater piping:
. 1 ller housing: cast n
staimless | E Alloys GOOMA, 40588 Carbon steel
GOOTT, 690TT,
S00 Welds:
Steel to SS: 82,182

1

Materials and Componentsin BWRs

Source: R. W. Staehle
Steam separator Steam outlet nozzie:
and drycer: Carbon steel
* Components: 304 SS Steam piping:
Closure studs: *+ Welds: 308L ('arbclon':!'::l Turbine:
Alloy steel * Rotor: low alloy steel

Cooling-Water

<= Bl * Blades: alloy steel
Circuit

= Attachments: low alloy steel

Water-Steam
Circuit

Vessel plates:
* Low alloy steel
« Clad: 309 SS

Fuel supports:
Wrought or cast SS

Condenser tubes:
Ti or Stainless steel

Core shroud:

« Plates: 304 3 —
* Plate welds: 308/3081L
* Springs: Alloy 750X ——— Condenser structure:

! Carbon steel

Core support structure:
304 SS

Jet pumps: Cooling
« Piping: 304 SS Wt
* Welds: 308L
* Hold down bar: Alloy 750X Feedwater safe
end: voling Water: RS
Control rods: Alloy 600 S(“ w“:- Ew?:'vf
* Blades: 304/316 SS CRD safe ends: Fecdwater thermal
* Poison: B,C 316 SS sleeve:
CRD stub tubes: Alloy 600
* Alloy 600 Dissimilar metal  Feedwater sparger:
* Upper weld: 182 welds: * Components: 304 SS  Preheater tubing:  Feedwater piping:

* Inconcl-to-Inconel: 182 Safc ends: 18282« Welds: 3081 Stainless steel Carbon steel

19



Structural Materials in the Nuclear Power Industry.
Same materials used in plants for over 60 years.

Chromium

Plus Zirconium
Alloys for
Cladding

Austenitic
Stainless

Steels .
Nickel Alloys

o
+
Future
FeCrAl
R()
Type 410, 405 !
Carbon

Nickel

Type Type
409 316

Source: R. W. Staehle



Energy Accidents — Hydrocarbon Casualties

More than 100,000 coal miners died in accidents in
the last century.

19 May 1902: 216 miners were killed in the
Fraterville Mine Disaster in Fraterville, Tennessee

06 December 1907: 362 miners died in the
Monongah Mining Disaster in Monongah, WV.

19 December 1907: 239 workers died, including :
children in the Darr Mine Disaster in Pennsylvania. [ L~ Sute

iy the memowy of | ¢
G MEN Al

In 1907 alone; 3,200 coal miners died around the  [EEEEE—————— = , e e
globe. : .
21 December 1910: 344 men and boys lost their : y
lives in an explosion in the Pretoria Pit Disaster in NG ) A
Lancashire, UK. - CENTRALIA COAL COMPANY :
"~ MINE*NO.5 DISASTER
05 November 1930: 82 miners died in the Millfield STRUCK- CENTRACIA_COAL LOMEANY e o b o PIFE?E_RG e
; ; ; ; .LOCATED IN WAMAC, ILLINOIS. BY MARCH 29, IT = - 2=t e
Mine disaster in Dover Township, Athens County, A4S CONTRUED THAT THE EXPLOSON. COMBIED ANOTHER GREAT MINE DISASTERE
in Ohio. GAS, HAD TAKEN THE LIVES OF 11l OF THE 142
o _ MEN WORKIG I THE WINE AT THE TIE OF ThE DARR MINE WRECKED
25 March 1947: 111 people died in the Centralia ATTENTION OX KNOWN-HAZARGDUS. CONDITIONS .~
mine disaster in Illinois. o R ERE
F‘{lé\}? TPSSS@%ESQ[;;JEW MINE SAFETY REGULATIONS
In the decade 2005-2014, US coal mining fatalities [ ShEEtresi: INNEUDRY OF T
averaged 28 pel‘ yeal’ * ERECTED BJ'THE' ILLINDIS *STATE" HISTORICAL ., .

3 SO ETV AND THE kY
= ;. Cl .H CITY (]F MAC, lSSl\l - ; Is GENERAL BELIEF
:f., W i Gy - ! d



Energy Accidents — Hydroelectric casualties

In 1952 the electric power generation Bangiao Dam on the Ru river was finished in China

In August 1975 the Bangiao Dam collapsed due to excessive rainfall — more than 3 m of
rain in three days, from Typhoon Nina.

Up to 230,000 deaths due to the dam collapse, which produced a stream of 10 km wide
and 7 m high wall of water.

22



Energy Accidents — Hydrocarbon Casualties

* 06-July 1988: An explosion and fire on a North Sea oil production platform Piper Alpha kills 167 men.

* On 06-July-2013 a rail disaster happened when 63 cars of a 72-car train carrying Bakken crude oil
derailed, causing fire and explosions in downtown Lac-Mégantic, Quebec Canada. 47 people were Killed
and 30 buildings were burned to the ground. Most or the surviving buildings had to be demolished due to
contamination.

Infrared image taken by NASA's Suomi NPP satellite shows
the fire that followed the derailment: on the left, taken two days
before; on the right, taken about two hours after the explosions

! At 4
Quebec Cily%
. >

)

» Lac Mégantic—»

July 4, 2013 ’ July 6, 2013




Energy Accidents — Nuclear Power Casualties

SR ] Direct human casualties
Nuclear What Happened?

Accident (& delayed, estimated).
Three Mile Partial meltdown of the PWR Unit 2 reactor due to a loss of coolant in the
Island. 1979 primary circuit caused by a valve stuck open. Cause, human error, & lack of 0 (0)
’ training.

Steam explosion followed by open air graphite fire of the light water graphite
moderated RBMK Unit 4 reactor during a test to simulate a station black out.
The fire burned for 9 days releasing fission products to the atmosphere. Cause,
operator error, negligence & lack of training or knowledge.

30 (134 up to 1996, maybe
a total of 4000 due to
leukemia & cancer)

Chernobyl, 1986

Hydrogen gas explosions because of loss of coolant due to station black out 2 drowned (~1600 elderly
Fukushima caused by a tsunami wave. Release of radioactive products to the atmosphere early deaths related to
Daiichi, 2011 from BWR Units 1, 2, and 3. Cause, failure of operator to meet basic safety evacuation, not to
requirements. radiation)

The Fukushima plant black out was a result of a major natural disaster, a

magnitude 9 earthquake and a tsunami that killed nearly 20,000 people and
still nobody died at the 6000 employee site due to radiation.
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Crisis Creates New Opportunities

Crisis = we€li J1

Incipient moment; crucial
ST ji‘ point, when something
° __‘Ii T *J_L begins or changes.

Character wei Character j1

R

Danger Opportunity

The Fukushima accident was a catalyst or changing point for nuclear power materials.




