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ABSTRACT

The Material ScienceHandbook was developed to assist nuclear facility operating
contractors in providing operators, maintenance personnel, and the technical staff with th
necessary fundamentals training to ensure a basic understanding of the structure and propert
of metals. The handbook includes information on the structure and properties of metals, stres
mechanisms in metals, failure modes, and the characteristics of metals that are commonly ust
in DOE nuclear facilities. This information will provide personnel with a foundation for
understanding the properties of facility materials and the way these properties can impos
limitations on the operation of equipment and systems.

Key Words: Training Material, Metal Imperfections, Metal Defects, Properties of Metals,
Thermal Stress, Thermal Shock, Brittle Fracture, Heat-Up, Cool-Down, Characteristics of Metals
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FOREWORD

The Department of Energy (DOE) Fundamentals Handboo&ssist of ten academic
subjects, which include Mathematics; Classical Physics; Thermodynamics, Heat Transfer, an
Fluid Flow; Instrumentation and Control; Electrical Science; Material Science; Mechanical
Science; Chemistry; Engineering Symbology, Prints, and Drawings; and Nuclear Physics an
Reactor Theory. The handbooks are provided as an aid to DOE nuclear facility contractors.

These handbooks were first published as Reactor Operator Fundamentals Manuals in 19¢
for use by DOE category A reactors. The subject areas, subject matter content, and level ¢
detail of the Reactor Operator Fundamentals Manuals were determined from several source
DOE Category A reactor training managers determined which materials should be included, an
served as a primary reference in the initial development phase. Training guidelines from the
commercial nuclear power industry, results of job and task analyses, and independent input fro
contractors and operations-oriented personnel were all considered and included to some degr
in developing the text material and learning objectives.

TheDOE Fundamentals Handbookepresent the needs of various DOE nuclear facilities’
fundamental training requirements. To increase their applicability to nonreactor nuclear facilities
the Reactor Operator Fundamentals Manual learning objectives were distributed to the Nucle:
Facility Training Coordination Program Steering Committee for review and comment. To update
their reactor-specific content, DOE Category A reactor training managers also reviewed ant
commented on the content. On the basis of feedback from these sources, information that appli
to two or more DOE nuclear facilities was considered generic and was included. The final draf
of each of the handbooks was then reviewed by these two groups. This approach has result
in revised modular handbooks that contain sufficient detail such that each facility may adjust the
content to fit their specific needs.

Each handbook contains an abstract, a foreword, an overview, learning objectives, and te:
material, and is divided into modules so that content and order may be modified by individual
DOE contractors to suit their specific training needs. Each handbook is supported by a separa
examination bank with an answer key.

The DOE Fundamentals Handbookegve been prepared for the Assistant Secretary for
Nuclear Energy, Office of Nuclear Safety Policy and Standards, by the DOE Training
Coordination Program. This program is managed by EG&G ldaho, Inc.
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OVERVIEW

The Department of Energy Fundamentals Handboattitled Material Sciencewas
prepared as an information resource for personnel who are responsible for the operation of tf
Department’s nuclear facilities. An understanding of material science will enable the contractol
personnel to understand why a material was selected for certain applications within their facility
Almost all processes that take place in the nuclear facilities involve the use of specialized metals
A basic understanding of material science is necessary for DOE nuclear facility operators
maintenance personnel, and the technical staff to safely operate and maintain the facility an
facility support systems. The information in the handbook is presented to provide a foundatior
for applying engineering concepts to the job. This knowledge will help personnel more fully
understand the impact that their actions may have on the safe and reliable operation of facilit
components and systems.

The Material Sciencehandbook consists of five modules that are contained in two
volumes. The following is a brief description of the information presented in each module of
the handbook.

Volume 1 of 2
Module 1 - Structure of Metals
Explains the basic structure of metals and how those structures are effected by
various processes. The module contains information on the various imperfections
and defects that the metal may sustain and how they affect the metal.
Module 2 - Properties of Metals
Contains information on the properties considered when selecting material for a

nuclear facility. Each of the properties contains a discussion on how the property
is effected and the metal’s application.
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OVERVIEW (Cont.)

Volume 2 of 2
Module 3 - Thermal Shock

Contains material relating to thermal stress and thermal shock effects on a system
Explains how thermal stress and shock combined with pressure can cause majc
damage to components.

Module 4 - Brittle Fracture

Contains material on ductile and brittle fracture. These two fractures are the most
common in nuclear facilities. Explains how ductile and brittle fracture are
effected by the minimum pressurization and temperature curves. Explains the
reason why heatup and cooldown rate limits are used when heating up or cooling
down the reactor system.

Module 5 - Plant Materials

Contains information on the commonly used materials and the characteristics
desired when selecting material for use.

The information contained in this handbook is by no means all encompassing. An attemp
to present the entire subject of material science would be impractical. Howeveéviatieeial
Sciencehandbook does present enough information to provide the reader with a fundamenta
knowledge level sufficient to understand the advanced theoretical concepts presented in oth
subject areas, and to better understand basic system operation and equipment operations.

Rev. 0 MS
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TERMINAL OBJECTIVE

1.0  Without referencef)ESCRIBE the importance of minimizing thermal shock (stress).
ENABLING OBJECTIVES

1.1 IDENTIFY the two stresses that are the result of thermal shock (stress) to plant materials

1.2 STATE the two causes of thermal shock.

1.3  Giventhe material’'s coefficient of Linear Thermal Expans@Al.CULATE the thermal
shock (stress) on a material using Hooke’s Law.

1.4 DESCRIBE why thermal shock is a major concern in reactor systems when rapidly
heating or cooling a thick-walled vessel.

1.5 LIST the three operational limits that are specifically intended to reduce the severity of
thermal shock.

1.6 DEFINE the term pressurized thermal shock.

1.7 STATE how the pressure in a closed system effects the severity of thermal shock.

1.8 LIST the four plant transients that have the greatest potential for causing thermal shock

1.9 STATE the three locations in a reactor system that are of primary concern for thermal
shock.
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THERMAL STRESS

Thermal stresses arise in materials when they are heated or cooled. Thermal
stresses effect the operation of facilities, both because of the large components
subject to stress and because they are effected by the way in which the plant is
operated. This chapter describes the concerns associated with thermal stress.

EO 1.1 IDENTIFY the two stresses that are the result of thermal shock
(stress) to plant materials.

EO 1.2 STATE the two causes of thermal stresses.
EO 1.3 Given the material's coefficient of Linear Thermal Expansion,
CALCULATE the thermal stress on a material using

Hooke's Law.

EO 14 DESCRIBE why thermal stress is a major concern in reactor
systems when rapidly heating or cooling a thick-walled vessel.

EO 1.5 LIST the three operational limits that are specifically intended
to reduce the severity of thermal shock.

Thermal Shock

Thermal shock(stress) can lead to excessive thermal gradients on materials, which lead to
excessive stresses. These stresses can be comprisadilefstresswhich is stress arising from
forces acting in opposite directions tending to pull a material apartoamgressive streswhich

is stress arising from forces acting in opposite directions tending to push a material together.
These stresses, cyclic in nature, can lead to fatigue failure of the materials.

Thermal shock is caused by nonuniform heating or cooling of a uniform material, or uniform
heating of nonuniform materials. Suppose a body is heated and constrained so that it cannot
expand. When the temperature of the material increases, the increased activity of the molecules
causes them to press against the constraining boundaries, thus setting up thermal stresses.

Rev. 0 Page 1 MS-03
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If the material is not constrained, it expands, and one or more of its dimensions increases. The
thermal expansion coefficienti) relates the fractional change in Iengﬁ]i , called thermal
strain, to the change in temperature per degiee

A_]
1
= _ -1
a = (3-1)
A% = aAT (3-2)
where:
I = length (in.)
Al = change in length (in.)
a = linear thermal expansion coefficient (OF
AT = change in temperature (°F)

Table 1 lists the coefficients of linear thermal expansion for several commonly-encountered
materials.

TABLE 1
Coefficients of Linear Thermal Expansion

Material Coefficientsof Linear ThermalExpansion(°F*)_
Carbon Steel 5.8 x 10

Stainless Steel 9.6 x 0

Aluminum 13.3 x 16

Copper 9.3 x 10

Lead 16.3 x 10

MS-03 Page 2 Rev. 0
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In the simple case where two ends of a material are strictly constrained, the thermal stress can
be calculated using Hooke's Law by equating valueé]lof from Equations (3-1), (3-2), and
(3-3).

E - stress  _ F/A (3-3)
strain AT
1
or
Al F/A
= = — 3-4
1 E (3-4)
aAT = lEA (3-5)
FIA = EaAT
where:
FIA = thermal stress (psi)
E = modulus of elasticity (psi)
a = linear thermal expansion coefficient ()F
AT = change in temperature (°F)

Example: Given a carbon steel bar constrained at both ends, what is the thermal stress when
heated from 60°F to 540°F?

Solution:
a = 5.8x1C¢/°F (from Table 1)
E = 3.0x10Ib/in2 (from Table 1, Module 2)
AT = 540°F - 60°F = 480°F

Stress = F/A = BAT = (3.0 x 10 Ib/in.?) x (5.8 x 1F/°F) x 480°F

Thermal stress = 8.4 x 4(b/in.2 (which is higher than the yield point)

Rev. 0 Page 3 MS-03
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Themal Shock

Thermal stresses are a major concern

in

reactor systems due to the magnitude of t
stresses involved. With rapid heating (d
cooling) of a thick-walled vessel such 3

the reactor pressure vessel, one part of the

VESSEL WALL

wall may try to expand (or contract) whil¢ INSIDE ouTSIbE

the adjacent section, which has not yet been

exposed to the temperature change, tries| to

restrain it. Thus, both sections are undgr

stress. Figure 1 illustrates what takes plageONTRACTED EXPANDED

A vessel is considered to be thick-walled (
thin-walled based on comparing th
thickness of the vessel wall to the radius

METAL \

r

a)
-

Df

/ METAL

the vessel. If the thickness of the vesgel

wall is less than about 1 percent of th

vessel's radius, it is usually considered

thin-walled vessel. If the thickness of thg

vessel wall is more than 5 percent to 10 T
S

COLD WATER
e

a

percent of the vessel's radius, it

considered a thick-walled vessel. Wheth
a vessel with wall thickness between |1
percent and 5 percent of radius is
considered thin-walled or thick-walled

depends on the exact design, construction,
and application of the vessel.

?

STRESS

-

TENSION COMPRESSION

Figure 1 Stress on Reactor Vessel Wall

When cold water enters the vessel, the cold water causes the metal on the inside wall (left side
of Figure 1) to cool before the metal on the outside. When the metal on the inside wall cools,

it contracts, while the hot metal on the outside wall is still expanded. This sets up a thermal
stress, placing the cold side in tensile stress and the hot side in compressive stress, which can
cause cracks in the cold side of the wall. These stresses are illustrated in Figure 2 and Figure 3
in the next chapter.

The heatup and cooldown of the reactor vessel and the addition of makeup water to the reactor
coolant system can cause significant temperature changes and thereby induce sizable thermal
stresses. Slow controlled heating and cooling of the reactor system and controlled makeup

water addition rates are necessary to minimize cyclic thermal stress, thus decreasing the

potential for fatigue failure of reactor system components.

Operating procedures are designed to reduce both the magnitude and the frequency of these
stresses. Operational limitations include heatup and cooldown rate limits for components,
temperature limits for placing systems in operation, and specific temperatures for specific
pressures for system operations. These limitations permit material structures to change
temperature at a more even rate, minimizing thermal stresses.

MS-03 Page 4 Rev. 0
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Summary

The important information in this chapter is summarized below.

Thermal Stress Summary
Two types of stress that can be caused by thermal shock are:

Tensile stress
Compressive stress

Causes of thermal shock include:
Nonuniform heating (or cooling) of a uniform material
Uniform heating (or cooling) of a nonuniform material

Thermal shock (stress) on a material, can be calculated using Hooke's Law
the following equation. It can lead to the failure of a vessel.

FIA = EaAT

Thermal stress is a major concern due to the magnitude of the stresses iny
with rapid heating (or cooling).

Operational limits to reduce the severity of thermal shock include:
Heatup and cooldown rate limits
Temperature limits for placing systems into operation

Specific temperatures for specific pressures for system operation

from

olved
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PRESSURIZED THERMAL SHOCK

Personnel need to be aware how pressure combined with thermal stress can cause
failure of plant materials. This chapter addresses thermal shock (stress) with
pressure excursions.

EO 1.6 DEFINE the term pressurized thermal shock.

EO 1.7 STATE how the pressure in a closed system effects the severity
of thermal shock.

EO 1.8 LIST the four plant transients that have the greatest potential
for causing thermal shock.

EO 1.9 STATE the three locations in a reactor system that are of
primary concern for thermal shock.

Definition

One safety issue that is a long-term problem brought on by the aging of nuclear facilities is
pressurized thermal sho¢RTS). PTS is the shock experienced by a thick-waksdel due to

the combined stresses from a rapid temperature and/or pressure change. Nonuniform temperature
distribution and subsequent differential expansion and contraction are the causes of the stresses
involved. As the facilities get older in terms of full power operating years, the neutron radiation
causes a change in the ductility of the vessel material, making it more susceptible to
embrittlement. Thus, if an older reactor vessel is cooled rapidly at high pressure, the potential
for failure by cracking increases greatly.

Evaluating Effects of PTS

Changes from one steady-state temperature or pressure to another are of interest for evaluating
the effects of PTS on the reactegssel integrity. This is especially true with the changes
involved in a rapid cooldown of the reactor system, which causes thermal shock to the reactor
vessel. These changes are called transients. Pressure in the reactor system raises the severity
of the thermal shock due to the addition of stress from pressure. Transients, which combine high
system pressure and a severe thermal shock, are potentially more dangerous due to the added
effect of the tensile stresses on the inside of the reactor vessel wall. In addition, the material
toughness of the reactor vessel is reduced as the temperature rapidly decreases.

MS-03 Page 6 Rev. 0
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Stresses arising from coolant system press{re
exerted against the inside vessel wall (where 1/4T 3/4T
neutron fluence is greatest) are always tensile|in ALLO\LSE?IE i '
nature. Stresses arising from temperatyre STRESS 52/
gradients across the vessel wall can either |be TOTAL | |
tensile or compressive. The type of stress i§ a  strESS
function of the wall thickness and reverses from
heatup to cooldown. During system heatup, the

vessel outer wall temperature lags the inner wall PRgnggg
temperature. The stresses produced by this

temperature gradient and by system pressure Wilk\iorraTurE
produce the profile shown in Figure 2. INDUCED

TENSILE

i

_____X_

COMPRESSIVE
STRESS

During heatup, it can be seen that while the INNER OUTER

pressure stresses are always tensile, at the |1/4 WALL WALL

thickness (1/4T), the temperature stresses ar
compressive. Thus, the stresses at the 1/4 T
location tend to cancel during system heatup. At
the 3/4 T location, however, the stresses from
both temperature and pressure are tensile and thus, reinforce each other during system heatup.
For this reason the 3/4 T location is limiting during system heatup.

Figure 2 Heatup Stress Profile

During system cooldown, the stress profile ¢f
Figure 3 is obtained. During cooldown, the outer
wall lags the temperature drop of the inner wall
and is at a higher temperature. It can be s enALLOV{,%AL'E TT/|/
that during cooldown, the stresses at the 3/4 T  STRESS |
location are tensile due to system pressure and TOTAL |
compressive due to the temperature gradient. STRESS
Thus during cooldown, the stresses at the 3/4 T presSURE
location tend to cancel. At the 1/4 T location, STRESS
however, the pressure and temperature StreSSBMPERATURE
are both tensile and reinforce each other. Thys, [NDUCED

1/|4T 3/4T

TENSILE

B A 5 4
A

o . STRESS
the 1/4 T location is limiting during syste COMPRESSIVE
cooldown.

INNER OUTER

WALL WALL

Plant temperature transients that have the greatest
potential for causing thermal shock include
excessive plant heatup and cooldown, plant
scrams, plant pressure excursions outside of
normal pressure bands, and loss of coolant
accidents (LOCASs). In pressurized water reactors (PWRSs), the two transients that can cause the
most severe thermal shock to the reactor pressure vessel are the LOCA with subsequent injection
of emergency core cooling system (ECCS) water and a severe increase in the primary-to-
secondary heat transfer.

Figure 3 Cooldown Stress Profile
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L ocations of Primary Concern

Locations in the reactor system, in addition to the reactor pressure vessel, that are primary
concerns for thermal shock include the pressurizer spray line and the purification system.

Summary

The important information in this chapter is summarized below.

Pressurized Thermal Shock Summary
. Definition of pressurized thermal shock (PTS)

Shock experienced by a thick-walled vessel due to the combined streisses
from a rapid temperature and/or pressure change.

. Pressure in closed system raises the severity of thermal shock due to the additive
effect of thermal and pressure tensile stresses on the inside reactor vessel yall.

. Plant transients with greatest potential to c&RiE8 include:
Excessive heatup and cooldown
Plant scrams
Plant pressure excursions outside of normal pressure bands
Loss of coolant accident
. Locations of primary concern for thermal shock are:
Reactor Vessel
Pressurizer spray line

Purification system

MS-03 Page 8 Rev. 0
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TERMINAL OBJECTIVE

1.0  Without referencesXPLAIN the importance of controlling heatup and cooldown rates
of the primary coolant system.

ENABLING OBJECTIVES

1.1 DEFINE the following terms:

a. Ductile fracture
b. Brittle fracture
C. Nil-ductility Transition (NDT) Temperature

1.2 DESCRIBE the two changes made to reactor pressure vessels to decrease NDT.
1.3 STATE the effect grain size and irradiation have on a material’'s NDT.

1.4  LIST the three conditions necessary for brittle fracture to occur.

1.5 STATE the three conditions that tend to mitigate crack initiation.

1.6 LIST the five factors that determine the fracture toughness of a material.

1.7 Given a stress-temperature diagrdDENTIFY the following points:

NDT (with no flaw)

NDT (with flaw)

Fracture transition elastic point
Fracture transition plastic point

apop

1.8 STATE the two bases used for developing a minimum pressurization-temperature curve
1.9 EXPLAIN a typical minimum pressure-temperature curve including:

a. Location of safe operating region
b. The way the curve will shift due to irradiation

Rev. 0 Page v MS-04
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ENABLING OBJECTIVES (Cont.)

1.10 LIST the normal actions taken, in sequence, if the minimum pressurization-temperature
curve is exceeded during critical operations.

1.11 STATE the precaution for hydrostatic testing.
1.12 IDENTIFY the basis used for determining heatup and cooldown rate limits.
1.13 IDENTIFY the three components that will set limits on the heatup and cooldown rates.

1.14 STATE the action typically taken upon discovering the heatup or cooldown rate has been
exceeded.

1.15 STATE the reason for using soak times.

1.16 STATE when soak times become very significant.

MS-04 Page vi Rev. 0
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BRITTLE FRACTURE MECHANISM

Personnel need to understandttle fracture. This type of fracture occumnder
specific conditions without warning and can cause major damage to plant

materials.

EO 1.1 DEFINE the following terms:
a. Ductile fracture c. Nil-ductility Transition
b. Biittle fracture (NDT) Temperature

EO 1.2 DESCRIBE the two changes made to reactor pressure vessels to
decrease NDT.

EO 1.3 STATE the effect grain size and iradiation have on a material's
NDT.

EO 1.4 LIST the three conditions necessary for brittle fracture to occur.

EO 1.5 STATE the three conditions that tend to mitigate crack initiation.

EO 1.6 LIST the five factors that determine the fracture toughness of a
material.

EO 1.7 Given a stress-temperature diagram, IDENTIFY the following
points:

a. NDT (with no flaw) c¢. Fracture transition elastic point
b. NDT (with flaw) d. Fracture transition plastic point

Brittle Fracture M echanism

Metals can fail by ductile or brittle fracture. Metals that can sustain substantial plastic strain o
deformation before fracturing exhilductile fracture Usually a large part of the plastic flow is
concentrated near the fracture faces.

Metals that fracture with a relatively small or negligible amount of plastic strain exhitbi¢
fracture. Cracks propagate rapidly. Brittle failure results froleavage(splitting along definite
planes). Ductile fracture is better than brittle fracture, because ductile fracture occurs over
period of time, where as brittle fracture is fast, and can occur (with flaws) at lower stress level
than a ductile fracture. Figure 1 shows the basic types of fracture.
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Brittle cleavage fracture is of the most concern in this
R module. Brittle cleavage fractureoccurs in materials
with a high strain-hardening rate and relatively low
cleavage strength or great sensitivity to multi-axial
+ stress.

+ Many metals that are ductile under some conditions
become brittle if the conditions are altered. The effect
L] of temperature on the nature of the fracture is of
SHAPE OF considerable importance. Many steels exhibit ductile
ORIGINAL FSE‘CT%EE FEXS%REE fracture at elevated temperatures and brittle fracture at
SPECIMEN R
low temperatures. The temperature above which a
material is ductile and below which it is brittle is known
Figure 1 Basic Fracture Types as theNil-Ductility Transition (NDT) temperatureThis
temperature is not precise, but varies according to prior
mechanical and heat treatment and the nature and amounts of impurity elements. It is
determined by some form of drop-weight test (for example, the 1zod or Charpy tests).

Ductility is an essential requirement for steels used in the construction of reactor vessels;
therefore, the NDT temperature is of significance in the operation of these vessels. Small grain
size tends to increase ductility and results in a decrease in NDT temperature. Grain size is
controlled by heat treatment in the specifications and manufacturing of reactor vessels. The
NDT temperature can also be lowered by small additions of selected alloying elements such as
nickel and manganese to low-carbon steels.

Of particular importance is the shifting of the NDT temperature to the right (Figure 2), when
the reactor vessel is exposed to fast neutrons. The reactor vessel is continuously exposed to fast
neutrons that escape from the core. Consequently, during operation the reactor vessel is
subjected to an increasing fluence (flux) of fast neutrons, and as a result the NDT temperature
increases steadily. It is not likely that the NDT temperature will approach the normal operating
temperature of the steel. However, there is a possibility that when the reactor is being shut
down or during an abnormal cooldown, the temperature may fall below the NDT value while
the internal pressure is still high. The reactor vessel is susceptible to brittle fracture at this
point. Therefore, special attention must be given to the effect of neutron irradiation on the NDT
temperature of the steels used in fabricating reactor pressure vessels. The Nuclear Regulatory
Commission requires that a reactor vessel material surveillance program be conducted in water-
cooled power reactors in accordance with ASTM Standards (designation E 185-73).

Pressure vessels are also subject to cyclic str€sglic stressarises from pressure and/or
temperature cycles on the metal. Cyclic stress can lead to fatigue failure. Fatigue failure,
discussed in more detail in Module 5, can be initiated by microscopic cracks and notches and
even by grinding and machining marks on the surface. The same (or similar) defects also favor
brittle fracture.
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Stress-Temperature Curves

One of the biggest concerns with brittle fracture is that it can occur at stresses well below the
yield strength (stress corresponding to the transition from elastic to plastic behavior) of the
material, provided certain conditions are present. These conditions are: a flaw such as a crac
a stress of sufficient intensity to develop a small deformation at the crack tip; and a temperatur
low enough to promote brittle fracture. The relationship between these conditions is best
described using a generalized stress-temperature diagram for crack initiation and arrest as sho\
in Figure 2.

NDT
(NO FLAW)
== NDT
(WITH SMALL FLAW)

==
e
—_—

STRESS ———— =
7
(@]
)
>
0
=
>
v
v
m
n
4
o
= {
<
m
~N

—
e — —

TEMPERATURE -

Figure 2 Stress-Temperature Diagram for Crack Initiation and Arrest

Figure 2 illustrates that as the temperature goes down, the tensile strength (Curve A) and th
yield strength (Curve B) increase. The increase in tensile strength, sometimes known as th
ultimate strength (a maximum of increasing strain on the stress-strain curve), is less than th
increase in the yield point. At some low temperature, on the orderbff@a0carbon steel, the

yield strength and tensile strength coincide. At this temperature and below, there is no yielding
when a failure occurs. Hence, the failure is brittle. The temperature at which the yield and tensile
strength coincide is the NDT temperature.
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When a small flaw is present, the tensile strength follows the dashed Curve C. At elevated
temperatures, Curves A and C are identical. At lower temperatures, approxinfdieiodde the NDT
temperature for material with no flaws, the tensile strength curve drops to the yield curve and then
follows the yield curve to lower temperatures. At the point where Curves C and B meet, there is a new
NDT temperature. Therefore, if a flaw exists, any failure at a temperature equal or below the NDT
temperature for flawed material will be brittle.

Crack Initiation and Propagaion

As discussed earlier in this chapter, brittle failure generally occurs because a flaw or crack
propagates throughout the material. The start of a fracture at low stresses is determined by the
cracking tendencies at the tip of the crack. If a plastic flaw exists at the tip, the structure is not
endangered because the metal mass surrounding the crack will supportsthe \&then bttle

fracture occurs (under the conditions for brittle fracture stated above), the crack will initiate and
propagate through the material at great speeds (speed of sound). It should be noted that smaller
grain size, higher temperature, and lower stress tend to mitigate crack initiation. Larger grain
size, lower temperatures, and higher stress tend to favor crack propagation. There is a stress
level below which a crack will not propagate at any temperature. This is called the lower
fracture propagation stress. As the temperature increases, a higher stress is required for a crack
to propagate. The relationship between the temperature and the stress required for a crack to
propagate is called the crack arrest curve, which is shown on Figure 2 as Curve D. At
temperatures above that indicated on this curve, crack propagation will not occur.

Fracture Toughness

Fracture toughness is an indication of the amount of stress required to propagate a preexisting
flaw. The fracture toughness of a metal depends on the following factors.

Metal composition

Metal temperature

Extent of deformations to the crystal structure
Metal grain size

Metal crystalline form

® Qo0 T

The intersection of the crack arrest curve with the yield curve (Curve B) is calléch¢hee
transition elastic(FTE) point The temperature corresponding to this point is normally about
60°F above the NDT temperature. This temperature is also known as the Reference
Temperature - Nil-ductility Transition (Rf;) and is determined in accordance with ASME
Section Il (1974 edition), NB 2300. The FTE is the temperature above which plastic
deformation accompanies all fractures or the highest temperature at which fracture propagation
can occur under purely elastic loads. The intersection of the crack arrest curve (Curve D) and
the tensile strength or ultimate strength, curve (Curve A) is calleftdttare transition plastic
(FTP)point. The temperature corresponding with this point is normally aboufF120ove the

NDT temperature. Above this temperature, only ductile fractures occur.
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Figure 3 is a graph of stress versus temperature, showing fracture initiation curves for variou:
flaw sizes.

ULITMATE | F——————

STRENGTH FRACTURE INITIATION CURVES FTP

|

% | |
= YIELD 1" FLAW | |
STRENGTH \\ | |
< 0.75 YIELD 8 FLAW | |
3 . | |
Z 0.50 YIELD 1z FLAW | |
. |

0.25 YIELD 24 FLAW : |

i ARREST |

CURVE | |

| | | | | |
NDTT +20 +40 +60 +80 +100 +120

TEMPERATURE (F)

Figure 3 Fracture Diagram

It is clear from the above discussion that we must operate above the NDT temperature to b
certain that no brittle fracture can occur. For greater safety, it is desirable that operation b
limited above the FTE temperature, or NDT ¥B0 Under such conditions, no brittle fracture
can occur for purely elastic loads.

As previously discussed, irradiation of the pressure vessel can raise the NDT temperature ove
the lifetime of the reactor pressure vessel, restricting the operating temperatures and stress
the vessel. It should be clear that this increase in NDT can lead to significant operating
restrictions, especially after 25 years to 30 years of operation where the NDT can raise 200
to 30C0F. Thus, if the FTE was 8B at the beginning of vessel life and a change in the NDT
of 300°F occurred over a period of time, the reactor coolant would have to be raised to more
than 360F before full system pressure could be applied.

Rev. 0 Page 5 MS-04



Downloaded from http://www.everyspec.com

BRITTLEFRACTURE MECHANISM DOHDBK-1017/2-93 Brittle Fracture

Sunmary

The important information in this chapter is summarized below.

Bittle Fracture Summary

Ductile fracture is exhibited when metals can sustain substantial plastic stra
deformation before fracturing.

Brittle fracture is exhibited when metals fracture with a relatively small
negligible amount of plastic strain.

Nil-Ductility Transition (NDT) temperature is the temperature above which
material is ductile and below which it is brittle.

Changes made to decrease NDT include:
Use of smaller grain size in metals

Small additions of selected alloying elements such as nickel §
manganese to low-carbon steels

NDT decreases due to smaller grain size and increases due to irradiation
Brittle fracture requires three conditions:

Flaw such as a crack
Stress sufficient to develop a small deformation at the crack tip
Temperature at or below NDT

Conditions to mitigate crack initiation:

Smaller grain size
Higher temperature
Lower stress levels

Factors determining fracture toughness of a metal include:

Metal composition

Metal temperature

Extent of deformations to the crystal structure
Metal grain size

Metal crystalline form

n or

or

\ind
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MINIMUM PRESSURIZATION-TEMPERATURE CURVES

Plant operations are effected by the minimum pressurization-temperature curves.
Personnel need to understand the information that is associated with the curves
to better operate the plant.

EO 1.8 STATE the two bases used for developing a minimum
pressurization-temperature curve.

EO 1.9 EXPLAIN a typical minimum pressure-temperature curve
including:
a. Location of safe operating region
b. The way the curve will shift due to irradiation

EO 1.10 LIST the normal actions taken, in sequence, if the minimum
pressurization-temperature curve is exceeded during critical
operations.

EO 1.11 STATE the precaution for hydrostatic testing.

MPT Definition and Basgs

Minimum pressurization-temperatur@VPT) curves specify the temperature and pressure
limitations for reactor plant operation. They are based on reactor vessel andtiesad
limitations and the need to preclude reactor vessel and head brittle fracture. Figure 4 shows so
pressure-temperature operating curves for a pressurized water reactor (PWR) Primary Coolz
System (PCS).

Note that the safe operating region is to the right of the reactor vessel MPT curve. The react
vessel MPT curve ensures adequate operating margin away from the crack arrest curve discus
above. The curves used by operations also incorporate instrument error to ensure adequate se
margin. Because of the embrittling effects of neutron irradiation, the MPT curve will shift to the
right over core life to account for the increased brittleness or decreased ductility. Faisoe 4
contains pressurizer and steam generator operating curves. Operating curves may also incl
surge line and primary coolant pump operating limitations. The MPT relief valve setting prevent
exceeding the NDT limit for pressure when the PCS is cold and is set below the lowest limit ¢
the reactor vessel MPT curve.
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If the limit of the MPT curve is exceeded during critical operation, the usual action is to scran
the reactor, cool down and depressurize the PCS, and conduct an engineering evaluation p!
to further plant operation.

During hydrostatic testing, minimum pressurization temperature precautions include making sul
that desired hydrostatic pressure is consistent with plant temperatures so that excessive stress t
not occur. Figure 5 shows MPT curves for hydrostatic testing of a PWR PCS.safkhe
operating region is to the right of the MPT curves. Other special hydrostatic limits may als
apply during testing.
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OPERATIONS (m=4 +40°F, 10 CFR 50, APPENDIX G, IV.A.2.C.)

\ \
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Figure 5 PCS Temperature vs. Hydrotest Pressure
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Summary

The important information in this chapter is summarized below.

Minimum Pressurization-Temperature Curves Summary

. MPT curves are based on reactor vessel and head stress limitations, and thg need
to prevent reactor vessel and head brittle fracture.

. MPT curve safe operating region is to the right of the curve.
. MPT curve will shift to the right due to irradiation.
. Normal actions if MPT curves are exceeded during critical operation are:

Scram reactor
Cool down and depressurize
Conduct engineering evaluation prior to further plant operation

. The precaution to be observed when performing a hydrostatic test is to make| sure
the pressure is consistent with plant temperatures.
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HEATUP AND COOLDOWN RATE LIMITS

Personnel operating a reactor plant must be aware of the heatup and cooldown
rates for the system. If personnel exceed these rates, major damage could occur

under certain conidions.

IDENTIFY the basis used for determining heatup and cooldown

IDENTIFY the three components that will set limits on the heatup

STATE the action typically taken upon discovering the heatup or

cooldown rate has been exceeded.

EO 1.12
rate limits.
EO 1.13
and cooldown rates.
EO 1.14
EO 1.15
EO 1.16

STATE the reason for using soak times.

STATE when soak times become very significant.

Badgs

Heatup and cooldown rate limits, as
shown in Figure 6, are based upon the
impact on the future fatigue life of the
plant. The heatup and cooldowt
limits ensure that the plant's fatigu
life is equal to or greater than th¢
plant's operational life. Large
components such as flanges, the
reactor vessel head, and even the
reactor vessel itself are the limiting
components. Usually the most
limiting component will set the heatug
and cooldown rates.
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temperature change (a fast ramp or
even a step change) of approximately
20°F (depending upon the plant) is
insignificant (16 cycles allowed

Figure 6 Heatup and Cooldown Rate Limits

depending upon component) and has no effect on the design life of the plant.
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Exceeding Heatup and Cooldown Rates

Usually, exceeding heatup or cooldown limits or other potential operational thermal transient
limitations is not an immediate hazard to continued operation and only requires an assessment
of the impact on the future fatigue life of the plant. However, this may depend upon the
individual plant and its limiting components.

Individual components, such as the pressurizer, may have specific heatup and cooldown
limitations that, in most cases, are less restrictive than for the PCS.

Because of the cooldown transient limitations of the PCS, the reactor should be shut down in an
orderly manner. Cooldown of the PCS from full operating temperature & 200ess requires
approximately 24 hours (depending upon cooldown limit rates) as a minimum. Requirements
may vary from plant to plant.

Soak Times

Soak times may be required when heating up the PCS, especially when large limiting components
are involved in the heatup. Soak times are used so that heating can be carefully controlled. In
this manner thermal stresses are minimized. An example of a soak time is to heat the reactor
coolant to a specified temperature and to stay at that temperature for a specific time period. This
allows the metal in a large component, such as the reactor pressure vessel head, to heat more
evenly from the hot side to the cold side, thus limiting the thermal stress across the head. Soak
time becomes very significant when the PCS is at room temperature or below and very close to
its RTypr temperature limitations.
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Summary

The important information in this chapter is summarized below.

Heatup-Cooldown Rate Limits Summary

. Heatup and cooldown rate limits are based upon impact on the future fatigue life
of the plant. The heatup and cooldown rate limits ensure that the plant's fatigue

life is equal to or greater than the plant's operational life.

. Large components such as flanges, reactor vessel head, and the vessel itself re the
limiting components.

. Usually exceeding the heatup or cooldown rate limits requires only an assesgment
of the impact on the future fatigue life of the plant.

. Soak times:
May be required when heating large components
Used to minimize thermal stresses by controlling the heating rate

Become very significant if system is at room temperature or below and
very close to R, temperature limitations
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TERMINAL OBJECTIVE

1.0  Without referencesDESCRIBE the considerations commonly used when selecting
material for use in a reactor plant.
ENABLING OBJECTIVES
1.1 DEFINE the following terms:
a. Machinability
b. Formability
C. Stability
d. Fabricability
1.2 IDENTIFY the importance of a material property and its application in a reactor plant.
1.3 LIST the four radioactive materials that fission by thermal neutrons and are used as
reactor fuels.
1.4  STATE the four considerations in selecting fuel material and the desired effect on the
nuclear properties of the selected fuel material.
1.5 STATE the four major characteristics necessary in a material used for fuel cladding.
1.6 IDENTIFY the four materials suitable for use as fuel cladding material and their
applications.
1.7  STATE the purpose of a reflector.
1.8 LIST the five essential requirements for reflector material in a thermal reactor.
1.9 STATE the five common poisons used as control rod material.
1.10 IDENTIFY the advantage(s) and/or disadvantages of the five common poisons used a
control rod material.
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ENABLING OBJECTIVES (Cont.)

1.11 DESCRIBE the requirements of a material used to shield against the following types of
radiation:
a. Beta
b. Gamma
C. High energy neutron
d. Low energy neutron
1.12 STATE the nuclear reactor core problems and causes associated with the following:
a. Pellet-cladding interaction
b. Fuel densification
C. Fuel cladding embrittlement
d. Fuel burnup and fission product swelling
1.13 STATE the measures taken to counteract or minimize the effects of the following:
a Pellet-cladding interaction
b. Fuel densification
c Fuel cladding embrittlement
d Fission product swelling of a fuel element
1.14 DEFINE the following terms:
a. Fatigue failure
b. Work hardening
C. Creep
1.15 STATE the measures taken to counteract or minimize the effects of the following:
a. Fatigue failure
b. Work hardening
C. Creep
MS-05 Page viii Rev. 0
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ENABLING OBJECTIVES (Cont.)

1.16 STATE how the following types of radiation interact with metals:

Gamma
Alpha

Beta

Fast neutron
Slow neutron

®oO0 T

1.17 DEFINE the following terms:

a. Knock-on
b. Vacancy
C. Interstitial

1.18 DEFINE the following terms:

a. Thermal spike
b. Displacement spike

1.19 STATE the effect a large number of displacement spikes has on the properties of a metal

1.20 DESCRIBE how the emission of radiation can cause dislocation of the atom emitting the
radiation.

1.21 STATE the two effects on a crystalline structure resulting from the capture of a neutron.
1.22 STATE how thermal neutrons can produce atomic displacements.
1.23 STATE how gamma and beta radiation effect organic materials.

1.24 IDENTIFY the change in organic compounds due to radiation.

a. Nylon
b. High-density polyethylene marlex 50
C. Rubber

1.25 IDENTIFY the chemical bond with the least resistance to radiation.

1.26 DEFINE the term polymerization.
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ENABLING OBJECTIVES (Cont.)

1.27 STATE the applications and the property that makes aluminum desirable in reactors
operating at:

a. Low kilowatt power
b. Low temperature ranges
C. Moderate temperature range

1.28 STATE why aluminum is undesirable in high temperature power reactors.
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PROPERTIES CONSIDERED
WHEN SELECTING MATERIALS

There are many different kinds of materials used in the construction of a nuclear
facility. Once constructed, these materials are subjected to environments and
operating conditions that may lead to material problems. This chapter discusses
considerations for selection and application of plant materials.

EO 1.1 DEFINE the following terms:
a. Machinability C. Stability
b. Formability d. Fabricability
EO 1.2 IDENTIFY the importance of a material property and its

application in a reactor plant.

Overview

During the selection and application of materials used for construction of a nuclear facility, many
different material properties and factors must be considered depending upon the requirements for
each specific application. Generally, these consist of both non-fuel reactor materials, used for
structural and component construction, and fuel materials. This chapter discusses some of the
considerations used in the selection process for plant materials including material properties, fuel,
fuel cladding, reflector material, control materials, and shielding materials.

Material Properties

The following properties are considered when selecting materials that are to be used in the
construction of nuclear facilities.

Machinability

Components may be formed by removing metal "chips" by mechanical deformation. This
process is referred to as machining4achinability describes how a metal reacts to
mechanical deformation by removing chips, with respect to the amount of metal
effectively removed and the surface finish attainable. The mechanical properties of the
metal will be the factors that influence the machinability of a metal.

Many components used in nuclear reactor construction use machined parts that require
very close tolerances and very smooth surfaces. Thus, machinability becomes an
important consideration when choosing materials for manufacturing these parts.
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Formability

Components may be formed by processes such as rolling or bending, which may cause
some parts of the metal to expand more than othEmsmability of a material is its

ability to withstand peripheral expansion without failure or the capacity of the material
to be to manufactured into the final required shape. This becomes important in selecting
materials that have to be made into specific shapes by such means as rolling or bending
and still retain their required strength.

Ductility

Ductility is the plastic response to tensile force. Plastic response, or plasticity, is
particularly important when a material is to be formed by causing the material to flow
during the manufacture of a component. It also becomes important in components that
are subject to tension and compression, at every temperature between the lowest service
temperature and the highest service temperature. Ductility is essential for steels used in
construction of reactor pressure vessels. Ductility is required because the vessel is
subjected to pressure and temperature stresses that must be carefully controlled to
preclude brittle fracture. Brittle fracture is discussed in more detail in Module 4, Brittle
Fracture.

Stability

Stability of a material refers to its mechanical and chemical inertness under the conditions to
which it will be subjected. Nuclear plants have a variety of environments to which materials
are subjected. Some of these environments, such as high temperatures, high acid, high
radiation, and high pressure, can be considered extreme and harsh; therefore, the stability of
the materials selected for service in these areas is a major consideration.

Corrosion mechanisms can become very damaging if not controlled. They are identified
in Module 2, Properties of Metals. High corrosion resistance is desirable in reactor
systems because low corrosion resistance leads to increased production of corrosion
products that may be transported through the core. These products become irradiated and
contaminate the entire system. This contamination contributes to high radiation levels after
shutdown. For these reasons, corrosion resistant materials are specially chosen for use in
the primary and secondary coolant systems.

Availability

The availability of a material used in the construction of nuclear plants refers to the ease
with which a material can be obtained and its cost.
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Fabricability

Fabricability is a measure of the ease with which a material can be worked and made into
desirable shapes and forms. Many components of a nuclear reactor have very complicated
shapes and forms and require very close tolerances. Therefore, fabricability is an
important consideration in the manufacturing of these components.

Heat Transfer

Good heat transfer properties are desirable from the fuel boundary to the coolant in order
that the heat produced will be efficiently transferred.

For a constant amount of heat transfer, a degraded heat transfer characteristic requires
higher fuel temperature, which is not desirable. Therefore, desirable heat transfer
properties in the selection of reactor materials, especially those used as core cladding and
heat exchanger tubes, are a major consideration.

Cost
Capital costs for building a typical nuclear facility can be millions of dollars. A major
portion of the cost is for plant material; therefore, cost is an important factor in the

selection of plant materials.

Mechanical Strength

Preventing release of radioactive fission products is a major concern in the design,

construction, and operation of a nuclear plant. Therefore, mechanical strength plays an
important role in selecting reactor materials. High mechanical strength is desirable because
of its possible degradation due to radiation damage and the need to contain the radioactive
liquids and fuel.
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Summary

The important information in this chapter is summarized below.

Material Properties Considered for Selection Summary

. Machinability is the ability of a metal to react to mechanical deformation |py
removing chips, with respect to the amount of metal effectively removed and|the
surface finish attainable. This property is important when selecting parts [that
require very close tolerances and very smooth surfaces.

. Formability of a material is its ability to withstand peripheral expansion withqut
failure or the capacity of the material to be manufactured into the final requjred
shape. This property is important when selecting materials that have to be pade
into specific shapes by such means as rolling or bending and still retain their
required strength.

. Stability of a material refers to its mechanical and chemical inertness undel the
conditions to which it will be subjected. This property is important when selectjng
materials environments such as high temperature, high acid, high radiation] and
high pressure environments.

. Fabricability is a measure of the ease with which a material can be worked|and
made into desirable shapes and forms. This property is important when matgrials
are required to have very complicated shapes or forms and require very glose
tolerances.

. Ductility is essential for materials that are subject to tensile and compreggive
stresses. Ductility is important in the construction of reactor vessels.

. Availability is the ease with which material can be obtained and its cost.

. Good heat transfer properties are desirable for the boundary between the fuel and
the coolant. These properties are desirable for heat exchanger tubes, fuel clagding,
etc.

. Cost is an important factor in selecting plant materials.
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FUEL MATERIALS

Nuclear plants require radioactive material to operate. Certain metals that are
radioactive can be used to produce and sustain the nuclear reaction. This chapter
discusses the materials used in the various nuclear applications. The student
should refer to the Nuclear Physics and Reactor Theory Fundamentals Handbook
prior to continuing to better understand the material in this chapter.

EO 1.3 LIST the four radioactive materials that fission by thermal neutrons
and are used as reactor fuels.

EO 1.4 STATE the four considerations in selecting fuel material and the
desired effect on the nuclear properties of the selected fuel
material.

Overview of Material Types

The reactor core is the heart of any nuclear reactor and consists of fuel elements made of a
suitable fissile material. There are presently four radioactive materials that are suitable for fission
by thermal neutrons. They are uranium-2334), uranium-235 {U), plutonium-239 {£%Pu),

and plutonium-241 *('Pu). The isotopes uranium-238%(J) and thorium-232 ?“Th) are
fissionable by fast neutrons. The following text discusses plutonium, uranium, and thorium as
used for nuclear fuel.

Plutonium

Plutonium is an artificial element produced by the transmutatiéfflof It does exist in small
amounts (5 parts per trillion) in uranium ore, but this concentration is not high enough to be
mined commercially.

Plutonium is produced by the conversion*8® into ?*Pu according to the following reaction.
2u+in-gu Poznp Py

This reaction occurs in reactors designed specifically to produce fissionable fuel. These reactors
are frequently called breeder reactors because they produce more fissionable fuel than is used in
the reaction. Plutonium is also produced in therfftal reactors that contaifi®u. Plutonium

can be obtained through the processing of spent fuel elements. To be useful as a fuel, plutonium
must be alloyed to be in a stable phase as a metal or a ceramic.

Rev. 0 Page 5 MS-05



Downloaded from http://www.everyspec.com

FUEL MATERIALS DOE-HDBK-1017/2-93 Plant Materials

Plutonium dioxide (Pu¢) is the most common form used as a reactor fuel. ,Rs@ot used
alone as a reactor fuel; it is mixed with uranium dioxide. This mixture ranges from 20%
plutonium dioxide for fast reactor fuel to 3% to 5% for thermal reactors.

Plutonium-239 can serve as the fissile material in both thermal and fast reactors. In thermal
reactors, the plutonium-239 produced from uranium-238 can provide a partial replacement for
uranium-235. The use of plutonium-239 in fast reactors is much more economical, because
breeding takes place, which results in the production of more plutonium-239 than is consumed
by fission.

Uranium

The basic nuclear reactor fuel materials used today are the elements uranium and thorium.
Uranium has played the major role for reasons of both availability and usability. It can be used
in the form of pure metal, as a constituent of an alloy, or as an oxide, carbide, or other suitable
compound. Although metallic uranium was used as a fuel in early reactors, its poor mechanical
properties and great susceptibility to radiation damage excludes its use for commercial power
reactors today. The source material for uranium is uranium ore, which after mining is
concentrated in a "mill* and shipped as an impure form of the oxj@ (yellow cake). The
material is then shipped to a materials plant where it is converted to uranium dioxige dUO
ceramic, which is the most common fuel material used in commercial power reactors. The UO
is formed into pellets and clad with zircaloy (water-cooled reactors) or stainless steel (fast
sodium-cooled reactors) to form fuel elements. The cladding protects the fuel from attack by the
coolant, prevents the escape of fission products, and provides geometrical integrity.

Oxide fuels have demonstrated very satisfactory high-temperature, dimensional, and radiation
stability and chemical compatibility with cladding metals and coolant in light-water reactor
service. Under the much more severe conditions in a fast reactor, however, even inpert UO
begins to respond to its environment in a manner that is often detrimental to fuel performance.
Uranium dioxide is almost exclusively used in light-water-moderated reactors (LWR). Mixed
oxides of uranium and plutonium are used in liquid-metal fast breeder reactors (LMFBR).

The major disadvantages of oxide fuels that have prompted the investigation of other fuel
materials are their low uranium density and low thermal conductivity that decreases with
increasing temperatures. The low density of uranium atoms inrelfiires a larger core for a
given amount of fissile species than if a fuel of higher uranium density were used. The increase
in reactor size with no increase in power raises the capital cost of the reactor. Poor thermal
conductivity means that the centerline temperature of the fuel and the temperature difference
between the center and the surface of the fuel rod must be very large for sufficient fission heat
be extracted from a unit of fuel to make electric power production economical. On the other
hand, central fuel temperatures close to the melting point have a beneficial fission product
scouring effect on the fuel.
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Thorium

Natural thorium consists of one isotog&Th, with only trace quantities of other much more
radioactive thorium isotopes. The only ore mineral of thorium, that is found in useful amounts
is monazite. Monazite-bearing sands provide most commercial supplies. The extraction and
purification of thorium is carried out in much the same manner as for uranium. Thorium dioxide
(ThO,) is used as the fuel of some reactors. Thorium dioxide can be prepared by heating thorium
metal or a wide variety of other thorium compounds in air. It occurs typically as a fine white
powder and is extremely refractory (hard to melt or work) and resistant to chemical attack.

The sole reason for using thorium in nuclear reactors is the fact that théfitin) {s not fissile,

but can be converted to uranium-233 (fissile) via neutron capture. Uranium-233 is an isotope of
uranium that does not occur in nature. When a thermal neutron is absorbed by this isotope, the
number of neutrons produced is sufficiently larger than two, which permits breeding in a thermal
nuclear reactor. No other fuel can be used for thermal breeding applications. It has the superior
nuclear properties of the thorium fuel cycle when applied in thermal reactors that motivated the
development of thorium-based fuels. The development of the uranium fuel cycle preceded that
of thorium because of the natural occurrence of a fissile isotope in natural uranium, uranium-235,
which was capable of sustaining a nuclear chain reaction. Once the utilization of uranium
dioxide nuclear fuels had been established, development of the compound thorium dioxide
logically followed.

As stated above, thorium dioxide is known to be one of the most refractory and chemically
nonreactive solid substances available. This material has many advantages over uranium dioxide.
Its melting point is higher; it is among the highest measured. It is not subject to oxidation
beyond stoichiometric (elements entering into and resulting from combination). TH®
comparable temperatures over most of the expected operating range its thermal conductivity is
higher than that of UQ One disadvantage is that the thorium cycle produces more fission gas
per fission, although experience has shown that thorium dioxide is superior to uranium dioxide
in retaining these gases. Another disadvantage is the cost of recycling thoria-base fuels, or the
"spiking" of initial-load fuels with***U. It is more difficult becaus&U always containg*U

as a contaminant?®?U alpha decays t&°Th with a 1.9 year half-life. The decay chain’8Th
produces strong gamma and alpha emitters. All handling of such material must be done under
remote conditions with containment.

Investigation and utilization of thorium dioxide and thorium dioxide-uranium dioxide
(thoria-urania) solid solutions as nuclear fuel materials have been conducted at the Shipping port
Light Water Breeder Reactor (LWBR). After a history of successful operation, the reactor was
shut down on October 1, 1982. Other reactor experience with &h@® ThQ-UO, fuels have

been conducted at the Elk River (Minnesota) Reactor, the Indian Point (N.Y.) No. 1 Reactor, and
the HTGR (High-temperature Gas-cooled Reactor) at Peach Bottom, Pennsylvania, and at Fort
St. Vrain, a commercial HTGR in Colorado.
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As noted above, interest in thorium as a contributor to the world's useful energy supply is based
on its transmutability into the fissile isotop8U. The ease with which this property can be
utilized depends on the impact of the nuclear characteristics of thorium on the various reactor
systems in which it might be placed and also on the ability to fabricate thorium into suitable fuel
elements and, after irradiation, to separate chemically the resultant uranium. The nuclear
characteristics of thorium are briefly discussed below by comparing theni*idtas a point of
reference.

First, a higher fissile material loading requirement exists for initial criticality for a given reactor
system and fissile fuel when thorium is used than is the case for an otherwise comparable system
using **%U.

Second, on the basis of nuclear performance, the interval between refueling for comparable
thermal reactor systems can be longer when thorium is the fertile fuel. However, for a given
reactor system, fuel element integrity may be the limiting factor in the depletion levels that can
be achieved.

Third, ?%a (protactinium), which occurs in the transmutation chain for the conversion of thorium
to 2%, acts as a power history dependent neutron poison in a thorium-fueled nuclear reactor.
There is no isotope with comparable properties presentdiduel system.

Fourth, for comparable reactor systems, the one using a thorium-base fuel will have a larger
negative feedback on neutron multiplication with increased fuel temperature (Doppler coefficient)
than will a**®U-fueled reactor.

Fifth, for comparable reactor configurations?@h/~*®U fuel system will have a greater stability
relative to xenon-induced power oscillations than witf%/?*U fuel system. The stability is
also enhanced by the larger Doppler coefficient for’thieh/”**U fuel system.

And sixth, the effective value @ for *Th/~**U systems is about half that 3fU-fueled reactors
and about the same as for plutonium-fueled reactors. A small vaflienefins that the reactor
is more responsive to reactivity changes.

In conclusion, the nuclear properties of thorium can be a source of vast energy production. As

demonstrated by the Light Water Breeder Reactor Program, this production can be achieved in
nuclear reactors utilizing proven light water reactor technology.

Nuclear Fuel Sdection

The nuclear properties of a material must be the first consideration in the selection of a suitable
nuclear fuel. Principle properties are those bearing on neutron economy: absorption and fission
cross sections, the reactions and products that result, neutron production, and the energy released.
These are properties of a specific nuclide, suckZh, and its product during breeding®U.

To assess these properties in the performance of the bulk fuel, the density value, or frequency
of occurrence per unit volume, of the specific nuclide must be used.
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