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FISSION REACTORS AND MATERIALS
Brian R. T. Frost

Argonne National Laboratory
Argonne, Illinois

Abstract

Nuclear reactors provide a growing

fraction of the electrical energy

supply system in the USA and in

other developed countries. The

American-designed boiling water re-

actor and pressurized water reactor

dominate the designs currently in

use and under construction world-

wide. As in all energy systems,

materials problems have appeared

during service; these include

stress-corrosion of stainless steel

pipes and heat exchangers and ques-

tions regarding crack behavior in

pressure vessels. The Three Mile

Island Unit-2 reactor accident in

1979 highlighted the problems of

core materials behavior under ab-

normal conditions and this problem

has been studied intensively, as

well as the less serious problem of

the mechanisms that cause cladding

failure in fuel elements.

To obtain the maximum potential

energy from our limited uranium sup-

plies it is essential to develop the

fast breeder reactor. Prototype

power breeder reactors are operating

successfully in several countries.

The materials in these reactors are

subjected to higher temperatures and

neutron fluxes but lower pressures

than in the water reactors. The per-

formance required of the fuel ele-

ments is more arduous in the breeder

than in water reactors. Extensive

materials programs are in progress

in test reactors and in large test

rigs to ensure that materials will

be available to meet these condi-

tions. The results to date give

every promise that the conditions

will be met.

1. INTRODUCTION

Fission reactors are providing a

growing fraction of this nation's

electricity supply. Currently about

72 light-water reactors (L.W.R.'s)

are providing about 50,000 MW of

electricity or about 11% of the

total. An equal number of plants is

under construction. As with all

mature technologies, a number of ma-

terials problems have become appar-

ent during operation. These

represent serious economic problems

to the utilities because each day of

outage for a plant costs about

$500,000 in replacement power. In



general they do not represent safety

problems.

i

: To maximize the usefulness of ura-

, nium as a source of energy fast

breeder reactors must be developed

in which U is converted to fis-
239

sionable Pu. Two sodium—cooled

fast breeder reactors are in opera-

tion in the USA and the construc-

tion of the 300 MWc Clinch River

Breeder Reactor is planned. This

class of reactor has materials re-

quirements that are different from

these of the L.W.R.'s.

2. L.W.R. COMPONENTS

The two basic designs of light-

water reactor are shown in Fig. 1.

The boiling-water reactor (B.W.R.)

designe..! by General Electric Company

and the pressurized-water reactor

(P.W.R.) designed (with detailed

variations) by Westinghouse,

Combust ion-Engineering and Babcock

and Wilcox companies have the common

feature of a large pressure vessel

which contains the core or lioat-

generating unit. The difference is

that the B.W.R. operates at M000

psi system pressure with the

steam passing directly to a turbine,

while the P.W.R. system pressure is

over 2000 psi and the water does not

boil; it passes through heat ex-

changers where steam is raised and

sent to the turbine.

The pressure vessels are large-

typically 16 ft in diameter and 50

ft high with a wall thickness of

about 6 to 8 in. They are fabri-

cated by welding sheets of low-alloy

steel. Corrosion resistance is pro-

vided by lining these vessels with a

stainless steel overlay. The primary

cooling system is constructed from

Type 304 stainless steel piping and

valves, "onnected to the vessel

through transition pipes. -It is ob-

viously important that the pressure

boundary xn the system remains intact,

i.e., neither the vessel nor the ex-

ternal pipes should fail.

The large pressure vessels are de-

signed on the basis of linear elastic

fracture mechanics which requires

that all flaws or defects in the ves-

sel are well below a critical size

which is a function of the fracture

toughness. One must be able to test

nondestructively to ascertain that all

flaws are below the specified size.

A complication arises because the

pressure vessel steel undergoes a

brittle-to-ductile transition at a

temperature (NDT) that is well below '

room temperature in the .TS-fabricated

state, but which rises with exposure

to radiation to temperatures well

above room temperature. Fig. 2 shows

some experimental data from the Point

Beach Unit. 1 reactor. The magni-

tude of the NDT increase is affected

by the concentrations of minor ele-

ments such as copper and phosphorus,

especially in the welds. The Nuclear

Regulatory Commission has recently

been concerned with the operating life

of a number of P.W.R.'s whose vessels

had significant levels of copper in

their welds. In the event of an ac-

cident where the emergency core



cooling system "dumped cold water

iinto a hot vessel, thermal shock

•might cause these vessels to fail.

'.A simple remedy is to maintain the

emergency cooling system at an

^elevated temperature.

The stainless steel pipes external

to the pressure vessel are suscep-

tible to intergranular stress-

corrosion cracking, particularly in
(2)

B.W.R.'s. A number of such fail-

ures have occurred in pipes ranging

from 4 in. to 26 in. diameter, re-

quiring shut-downs to repair the

cracked pipes. A typical failure is

shown in Fig. 3. The crack is ir.ter-

granular and runs through the heat-

affected zone next to the weld. Three

ingredients are necessary for this

type of cracking to occur:

1. Sensitization of the heat-

affected zone , i.e., chromium car-

bide precipitation that results

in chromium depletion in solution

at the grain boundaries.

2. A high oxygen content in the

coolant water; this can arise

from radiolysls of the water. In

P.W.R.'s this is minimized by

adding hydrazine and a hydrogen

overpressure.
3. Residual stresses arising from

j
j bad fit-up of pipes prior to

I welding and from the welding

i process.

'The problem can be attacked by ad-

dressing each of these effects, i.e.

•by the use of low carbon stainless

steel to avoid sensitization, by

proper water treatment and by care

in assembling and welding pipes.

Corrosion phenomena cause problems

in two other regions of L.W.R.'s.

in steam generators a phenomenon
(3)

called "denting" occurs. A layer -

of Fe.,0, (magnetite) forms between

the tubes and the tube-sheet of the

heat exchanger and grows to such•an

extent that the tubes are deformed

in on themselves (dented), restrict-

ing the tube-side flow and ultimately

causing the steam generator to be

replaced: an expensive operation.

The magnetite film is not protective

when iron, nickel and chloride ions

ate present; chloride may be present

due to leakage of condensers that

are cooled by sea-water or brackish

water. Control of denting has to be

effected through control of the

water chemistry, especially the

chloride ion content.

The second problem area external to

the pressure boundary is the failure

of steam turbine discs and rotors

due to corrosion and/or fatigue.

The region of most concern in tur-

bines is the disc (Fig. 4) which

connects the shaft to the blades.

Stress—corrosion cracking (SCC) oc-

curs at crevices at the "Wilson line"

i.e., the temperature-pressure con- '

dition where steam becomes saturated.

The wet steam causes impurities to

concentrate in the crevices where

stresses are high, leading to SCC

failures. Control of impurities is

difficult and .more attention has

been given to the selection of disc '



material: eliminating molybdenum and
; vanadium and using the basic elec-

tric steelmaking process (to mini-

mize sulfur and phosphorus contents)

appears to reduce the incidence of

. SDD.

3. L.W.R. CORES

The economic success of light water

reactors relies heavily on the per-

formance of the fuel elements.

They must be capable of achieving a

relatively high burn-up of the en-

riched uranium without failure of

the cladding. There is also an

important synergism between the in-

tegrity of the coolant circuits,

discussed above, and the integrity

of the core; this is the essence of

the safety analyses.

An L.W.R. core is made up of a

tightly packed arrrangemenL of rec-

tangular fuel assemblies (Fig. 5).

Each fuel assembly contains an ar-'

ray of fuel rods made up of l)0_

pellets inside Zircaloy tubes, a

design that was originally devel-

oped for nuclear submarine reactors.

Well in excess of 6 million fuel

rods have been irradiated to date

in L.W.R.'s. The incidence of

failure has been higher in B.W.R.'s

than in P.W.R.'s due to mainly to

the different arrangement of the

control rod mechanisms in the two

types of reactor. The goal is a

failure rate of less than 0.02% and
i

current technology is approaching

this. The mechanisms of failure of

the Zircaloy cladding have been

studied in detail and measures

to counterthese have been_ applied.

The most intractible failure mech-

anism has been labelled as pellet-

cladding interactions or PCI.

This includes both chemical and

mechanical interactions and the

process may be another example of

stress corrosion cracking. During

the operation of a fuel rod the

Zircaloy becomes less ductile due to

irradiation and to hydride formation.

The high coolant pressure forces the

cladding into close contact with the

fuel. Discontinuities in the contact

surfaces occur during power changes.

Stresses are locally enhanced at

these discontinuities. Furthermore,

volatile fission products such as

iodine and tellurium migrate along

the cracks in the fuel to the fuel-

cladding interface. One then has the

necessary ingredients for SDD (Fig.

6). Crack propagation is not likely

during power changes and it has been

necessary for reactor operators to

approach full power and to shut down

the reactors slowly to avoid fuel rod

failures. This leads to economic

losses.

The nuclear fuel industry has devel-

oped remedies against PCI failures.

The most promising of these is the

lining of the inside of the cladding

tubes with a softer material; pure

zirconium appears to be the most ef-

fective. This remains soft and .'

ductile during operation and prevents

crack formation. A number of experi-

mental rods of this design have been i

successfully irradiated. More ex- :

tensive testing, including more rapid



rates of power change, is currently
:in progress.

The Three Mile Island Unit-2 (TMI-2)

accident has been widely publicized

and analyzed. It will be recalled

: that the core of this reactor was

par'ttally uncovered "and subsequen-

tially flooded with water. It rep-

resents a special case of a loss-

of-coolant-accident (LOCA) due to a

small leak. It also showed that a

nuclear reactor can take a lot of

abuse without injury to anyone.

LOCA's have received a great deal of

attention in the past ten years.

The U.S. Nuclear Regulatory Commis-

sion regulations require that a core

maintains a "coolable geometry': at

all times, i.e., that sufficient

structure is preserved to provide

adequate flow of coolant to prevent

the fuel and cladding melting. The

rules governing a coolable geometry

relate to the extent to which the

composition and structure of the

Zircaloy cladding is changed during

an accident. Basically the cladding

shall at no time be exposed to a

temperature in excess of 1477°K

(12O4°C) and the total oxidation of

the cladding shall nowhere exceed

0.17 times the total cladding thick-

ness before oxidation. A further

requirement is that the cladding

. shall be able to withstand the

; thermal shock that occurs when an

exposed core is ieflooded. These

requirements have resulted from ex-

tensive research on the high tem-

perature reactions of Zircaloy with

steam and__t.he_consequent effects on

the mechanical properties of the

cladding. Of course, TMI-2 did not

meet these criteria and the core

probably consists of shards and

slivers of U0« and Zircaloy which

have been highly oxidized. It is

hoped to recover enough of these

parts and examine them to determine

their current condition and how they

arrived at it. TMI-2 will not af-

fect the design of fuel rods; the

response of the industry has been to

establish a National Safety Analysis

Center and an Institute for Nuclear •

Power Operations to address the

problems of reactor accident se-

quences and the proper training of

reactor operators to deal effec-

tively with accidents.

4. FAST BREEDER REACTOR COMPONENTS

In a liquid metal cooled fast breed-

er reactor (LMFBR) materials are ex-

posed to a very different set of

environmental conditions from those

in an L.W.R. The sodium coolant

operates at a relatively low pressure

( 100 psi) and over the temperature

range 350° to 55O°C. Sodium is much

less corrosive towards stainless

steel than are steam and water, as

long as the sodium is maintained at

a high purity level; carbon and oxy-

gen must be maintained around the

level of 1 ppm or less. Fig. 7

shows a schematic drawing of an

LMFBR plant. Because sodium becomes

highly radioactive an intermediate

heat exchanger is used to isolate

the radioactive sodium from the

steam generator. Generally the

primary and secondary heat



exchangers are made from Type 316

stainless steel and the steam gene-

rators are made from 2-l/4Cr-l Mo

steel (Croloy) to avoid stress-

corrosion cracking on the water-side

'of the steam generators.

The" design conditions of" ar LMFBR

creates two problems for the metal-

lurgist. First, the sodium coolant

exits from different parts of the

core at different temperatures and

streams having significantly dif-

ferent temperatures can alternately

impinge on components located above

the core, giving rise to rapidly

varying thermal stresses. The

effect, known as "thermal strip-

ing," creates a potential high-

cycle (%1 Hz) fatigue problem.

Hence structural materials must be

tested under these conditions for

millions of cycles to establish safe

designs. Second, the'high sodium

exit temperature places the austcn- :

itic stainless steels in a creep

regime. A typical component will

creep steadily while the reactor is

at power. .On shutdown it will ex-

perience reduced stress and tempera-

ture. Reactor operations are such

that a component will be subjected

to a combination of creep and low-

cycle fatigue "damage." The sum-

mation of this damage and the con-

sequent effects on lifetime to

failure is the subject of intense

study and has resulted in the devel-

opment of a special code case (1592)

under the ASME Boiler and Pressure

Vessel Code for the design of LMFBR
(8)

component_sii __. The. code .case

requires the extensive measurement

of creep-fatigue data for these

designs.

5. FAST BREEDER REACTOR CORE

The basic building block of an LMFBR

core is a pellet of (U,Pu)O? where

the Pu fraction is about 0.2 The

sintered pellets are stacked in

stainless steel cladding which is

sealed and surrounded by a suitable

spacer (to define the coolant chan-

nel) and placed in a steel subassem-

bly, as shown in Fig. 8. Each sub-

assembly contains up to ̂ 250 fuel

elements and may generate ^6 MW of

heat. Extensive testing of this

design of fuel element worldwide has

revealed some materials problems.

The most serious materials problems

results from the high flux of fast
(9)

neutrons in the core. Under these

conditions voids or low-pressure bub-

bles form in the stainless steel

cladding and duct naterials leading •

to a volume increase, usually called

swelling. This swelling is strongly'

temperature and fluence (dose) de-

pendent. In a fast reactor core the

subassemblies are tightly packed to-

gether and both flux and temperature

vary across the core. Typically a

subassembly experiences a larger

neutron dose on one side than the

opposite side leading to different

swelling rates. This produces a bi-

metallic strip effect that causes

the subassemblies to bow or to inter-

fere with one another and set up i

strong contact pressures that could

ii.aibit core 'unloading. Alterna-

tively, it could force the unloading



1 of the cere before the fuel had
I

• reached an economic burn-up level.
; A considerable amount of research
1 has been undertaken to understand

the mechanism of void swelling and

• to develop alloys that swell less

than the standard Type 316 stain-

less steel. A considerable improve-

ment has been made by modifying

Type 316 steel by adding more tita-

nium and silicon; this alloy is

known as D9 and is being used in

the Fast Flux Test Facility (FFTF)

and Glinch River Breeder Reactor

(CRBR) in the USA. The ferritic

steel HT-9 shows even greater re-

sistance to void swelling and may

be used in ducts; its creep strength

may be too low for use as fuel ele-

ment cladding.

Another problem in breeder reactor

fuel elements is the corrosion of

cladding adjacent to'the fuel.

It is believed that certain fission

products, particularly cesium and

molybdenum, migrate from the hot

center of the fuel pellet to the

cooler interface with the cladding.

Cs»O or Cs_MoO, may react with the

oxide film on the stainless steel

• and attack the grain boundaries.
1 The rate of attack is temperature-

• dependent and occurs more readily

• at high oxygen-to-metal (U+Pu)

i ratios. An obvious remedy is to

.lower the initial oxygen-to-metal

(0/M) ratio of the fuel but this

then prevents cesium oxidation so

that the cesium migrates along the

fuel-cladding gap to the U0_ breeder

pellets,.ajt_ the end_3 of the fuel

column. There a reaction occurs to

form cesium uranate accompanied by

an increase in volume that leads to

rupture of the cladding. In conse-

quence, one must either control the

0/M ratio very precisely or employ ' .

a getter to control the oxygen par-

tial pressure.

There is little experience on the

consequences of operating a fast

breeder reactor beyond the point

where cladding failures occur. Some

leakage of fission products into the

sodium coolant is probably acceptable

but the leakage of fuel particles is

not because these particles might

accumulate elsewhere in the system.

To study this question the Experi-

mental Breeder Reactor-II (EBR-II)

reactor will be used in a joint US-

Japanese program to operate with some

fuel elements with breached cladding.

6. CONCLUSIONS --

The materials problems of fission

reactors fall into two general cate-

gories: neutron radiation effects

and stress-corrosion effects. The

former requires expensive test pro-

grams in research reactors and power

reactors. The latter requires ad-

vances in understanding the mech-

anisms of stress—corrosion cracking

through the use of modern diagnostic

techniques. In both areas good

progress is being made towards tech-

nically and economically acceptable

solutions.
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