n - \
éQEG&GIdaho. Inc ‘~ - |

INTERNAL TECHNICAL REPORT




1S-NSMD-£3-NN9

MATERIALS PROPERTIES DATA FOR FUSION REACTOR ANALYSIS

D. L. Hagrman

Published March 1983

EG&G [daho, Inc.
Idaho Falls, Idaho 83415



ABSTRACT

This report presents the materials properties that must be considered
for fusion reactor safety and design analysis, It also surveys the litera-
ture for relevent data on 316 stainless steel, vanadium alloys, ferritic/
martensitic steel alloys, graphites, silicon carbide, and G-10 insulation,
The report proposes a material properties package design for fusion reactor
analysis and provides an example of one section of the propesed materials
properties package.

A significant conclusion of the report is that development of the
materials properties package should be initiated now at a low level of
effort to prevent needless duplication and confusion in fusion reactor
analysis computer code development and application projects, some of which
are already underway. Additionally, the proposed effort would provide
useful information for development of new alloys since it would aid in the
identification of those material properties which are most important for
fusion reactor perfcrmance and safety.
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SUMMARYY

This report is the result of an Idaho National Engineering Laboratory
technical development projecta to define the materials properties that
must be consicered for fusion reactor safety and design analysis, and to
survey the available literature in order to determine the applicability of
existing data. Another major objective was to propose a materials pro-
perties package design which provides a site for collection of data and
references and establishes a target for knowledgeable criticism of property
modelis.

The project was proposed because experience with a similar project for
Light Water Reactor materials properties demonstrated that a separate
materials properties package can prevent needless duplication and confusion
during development and application of computer codes. As the project was
completed, it became obvious that development of a fusion reactors materials
property package should already have begun because several computer programs
which should be using such a package are under development.

A large number of materials and mary properties have been identifieu
in Table 1 of Section 2. The number is large principally because there is
not a complete consensus about the best materials for fusion reactor design.
In the remainder of Section 2, the literature is surveyed for relevant data
on 316 stainless steel, vanadium alloys, ferritic/martensitic steel alloys,
graphites, silicon carbide, and 6-10 insulation. These data are discussed
and presented in a format that will allow easy use of the data and easy
introduction of any additional new data to produce a materials properties
package for fusion reactor analysis. The data are presented in both a tabu-
lar format for later use in constructing correlations and graphically to
display trends for interim use and comprehension. The source of all data

a. Project number G3411204G, Fusion Materials Properties, principal
investigator D. L. Hagrman, 1983.



is identified and data without original references are ignored unless no
other source is available. Section 3 is a discussion of an appropriate
design for a materials properties package using the data in Section 2, The
proposed design is based on experience with designing and maintaining a
similar package for Light Water Reactor Materials Properties, In

Appendix A, an example of part of the proposed design is given,

The survey shows that the 316 stainless steel data are relatively
complete with the possible exception of hydrogen sputtering yields for low
incident ion energies and hydrogen atom recombinaticn rates. The vanadium
alloy data base is very limited, with no useable data for hydrogen dif-
fusion, hydrogen ion reflection coefficients, hydrogen atom recombination
rates, corrosion in lithium or oxidation in steam or air. Most of the
ferritic/martensitic data are not from the most likely alloys, HT-9 and a
steel with 9% chromium and 1% molybdenum, but are deduced from similar
steels.

The graphite data base is extensive because of the use of this material
in high temperature gas reactors. However, serious problems in modeling
graphite properties are expected because many of the data that have been
reported in the literature are not appropriate for fusion reactor analysis.
For example, graphite is anisotropic and large sample-to-sample variations
in thermal conductivity and thermal expansion have been attributed to tex-
ture variations. Yet pole figures are almost never reported along with the
materials property data. Very few data for the effects of irradiation on
graphite properties are available. Finally, no data for fracture toughness,
hydrogen reflection coefficients, hydrogen atom recombination rates, hydro-
gen trapping coefficients, or the decay of activated graphite with typical
impurities have been found.

The data for silicon carbide are scarce. There is much sample-to-
sample scatter in measured thermal conductivities and reported mechanical



properties data are nearly non-existent. No data have been found for

hydrogen isotope reflection coefficients, trapping coefficients, or
hydrogen recombination in silicon carbide.

No data have been found for G-10 insulation specific heat capacity,
thermal expansion or emissivity. However, considerable data on G-10 thermal
conductivity have been published. These data show that the classical
expressions for granular texture variations can be applied to describe the
anisotropic thermal conductivity due to differing conductivities of the
fiberglass weave and the epoxy which bonds layers of fiberglass. Data from
one irradiated sample show a factor of 0.7 reduction in G-10 thermal con-
ductivity with irradiation. The limited data on cyclic failure are not
sufricient for modeling cyclic fatigue of the insulation.

The design proposed for a fusion reactor materials properties package
consists of a computer library of separate subroutines or functions and
detailed model descriptions with a separate appendix for each material and
a separate section in every appendix for each property. Eoth documentation
and library subroutines can thus be changed property-by-property as the need
arises. Each section would have a summary, a review of literature and data,
a description of the model development and a subroutine listing with plots
of the output generated from the subroutine.

It is strongly recommended that at least some long-term effort be
directed at maintaining a site for the collection of data and a target for
knowledgeable criticism of property models. The next lo ical step is expan-
sion of this repcrt to the several materials mentioned in Section 1 that
have not been considered and to include new data from the Task Group on
Alloy Development for Irradiation Performance. A parallel effort to produce
some materials properties subcodes is Tikely to yield a significant return in
the quality of analysis and in avoiding unnecessary duplication of Titerature
searches by persons employing computer programs, This effort could also
provide useful information for the development of new alloys since it would
aid in the identification of those properties that are most important for
fusion reactor performance and safety.
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MATERIALS PROPERTIES DATA
FOR FUSION REACTOR ANALYSIS

1. INTRODUCTION

One of the longer lead-time items required for the design and safety
analysis of fusion reactors is a complete and assesced collection of
materials properties data and models. Not only co the nominal property
values have to be known, but the uncertainty must be assessed in order to
determine which nominal values need improvement,

This report is the result of an ldaho National Engineering Laboratory
technical development projecta to define the materials preoperties that
must be considered for fusion reactor safety and design analysis, and to
survey the available literature in order to determine the applicability of
existing data. The report was published with Fusion Safety Research funds.

In order to show how data would eventually be presented for use, a
materials properties package design is proposed. The design is consistent
with the longer-range objectives of providing a site for collection of
referenced data and of establishing a target for knowledgeable criticism of
property models. The package is also structured to aid both quick calcula-
tions and the detailed computer analysis that will follow.

Many of the data which have been collected and reviewed will not be
applicable to the materials that are finally used in fusion reactor struc-
tures because the current materials are very likely to be modified before
they are used in fusion reactors. The data are still useful because they
represent the best current estimate of the materials properties and can
help guide the development of new materials by the Office of Fusion Energy
Materials Program if they are used systematically in analysis of fusion

a. Project number G3411204G, Fusion Materials Properties, principal
investigator D. L. Hagrman, 1983.



reactor behavior. |[f they are not used systematically, it is very likely
the development of new alloys will receive a confused response from
analysis programs because of the varying materials descriptions used in
different analyses.

The list of materials and properties identified for study in Table !
of Section 2 turned out to be so long that there were not sufficient funds
to complete a survey for all the materials. Only six materials from the
list are reviewed in the rest of the section. Expansion of the survey to
the remaining materials is recommended for a later project. Section 3 is a
disucssion of an appropriate design for a materiais package using the data
in Section 2. An example is given in Appendix A.



2. MATERIALS PROPERTIES DATA REVIEW

Table 1 is a list of the materials and properties identified as
appropriate for fusion reactor behavior analysis. 2316 stainless steel,
titanium alloys, vanadium alloys, and ferritic/martensitic steels are
included because they are under consideration for first wall materials.
Graphite and silicon carbide are candidate materials for limiters and
armor. Copper alloys, Nb3Sn, NbTi, G-10 insulation, and helium are
magnet components, while the remaining materials are candidate blanket
materials. The table was constructed from several private discussions and
communications and includes as many entries as the author could identify as
useful. A few of the entries are actually not materials properties but are
included to prevent them from being ignored.

Budget limitations prevented a complete survey of all the properties of
Table 1 so the materials most likely to be studied in early analysis were
selected for review--316 stainless steel, vanadium alloys, ferritic/
martensitic steels, graphite, silicon carbide, and G-10 insulation. Addition
of the remaining materials properties will be proposed for later projects.

2.1 316 Stainless Steel

Several handbooks and summaries of stainless steel properties have been
published.]'9 The principal limitation of these general collections of
data is that they usually do not include the effects of high energy neutron
irradiation from the plasma. Since this irradiation causes helium produc-
tion from nickel and other alloy atoms in the steel, many of the mechanical
properties significantly during irradiation. Reference 8 discusses some of
these effects. An additional limitation is that some alloy modification is
likely to occur during the design of full-scale fusion reactors.

2.1.1. Thermal Properties

The thermal propertiszs of electronic conductors like 316 stainless

steel above room temperatuare are not likely to be seriously affected by




TABLE 1. MATERIALS PROPERTIES FOR FUSION REACTOR BEHAVIOR ANALYSIS

TYPE 316 STAINLESS STEEL
Thermal Properties

Specific Heat Capacity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Heats of Fusion, Vaporization

Mechanical Properties

Elastic Moduli

Plastic Moduli and Creep

Failure Stresses

Cyclic Fatigue Description (Crack Growth Rates)
Irradiation-Induced Growth and Swelling
Fracture Toughness

Electro-Magnetic Properties

Magnetic Permeability
Electrical Resistivity

Physical/Chemical Properties

Density

Melting Temperatures

Hydrogen Isotopes Permeability

Hydrogen Isotopes Diffusion Rates

Hydrogen Isotopes Solubility

Hydrogen [sotopes Reflection Coefficients
Hydrogen [sotopes Trapping Coefficients
Hydrogen Isotopes Molecular Recombination Rates
Hydrogen Isotopes Sputtering Yields

Corrosion Rate by Lithium and Lithium-Lead Compounds
Corrosion Rate by Water

Activation Products Decay Times

TITANIUM ALLOYS

Thermal Properties

Specific heat Capacity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Heats of Fusion, Vaporization




TABLE 1. (continued)

TITANIUM ALLOYS (continued)
Mechanical Properties

Flastic Moduli

Plastic Moduli and Creep

Failure Stresses

Cyclic Fatigue Description (Crack Growth Rates)
Irradiation-Induced Growth and Swelling
Fracture Toughness

Flectro-Magnetic Properties

Magnetic Permeability
Flectrical Resistivity

Physical/Chemical Properties

Density

Melting Temperatures

Phase Transition Temperatures

Hydrogen Isotopes Permeability

Hydrogen Isotopes Diffusion Rates
Hydrogen Isotopes Solubility

Hydrogen Isotopes Reflection Coefficients
Hydrogen Isotopes Trapping Coefficients
Hydrogen Isotopes Molecular Recombination Rates
Hydrogen Isotopes Sputtering Yields
Corrosion Rate by Lithium

Corrosion Rate by Water

Activation Products Decay Times

VANADIUM ALLOYS
Thermal Properties

Specific Capacity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Heats of Fusion, Vaporization

Mechanical Properties

Elastic Moduli
plastic Moduli and Creep
Failure Stresses




TABLE 1.

(continued)

VANADIUM ALLOYS (continued)

Mechanical Properties (continued)

Cyclic Fatigue Description (Crack Growth Rates)
Irradiation-Induced Growth and Swelling
Fracture Toughnes:

Electro-Magnetic Properties

Magnetic Permeabilitly
Electrical Resistivity

Physical/Chemical Properties

Density

Melting Temperatures

Hydrogen [sotopes Permeability

Hydrogen Isotopes Diffusion Rates
Hydrogen Isotopes Solubility

Hydrogen Isotopes Reflection Coefficients
Hydrogen Isotopes Trapping Coefficients
Hydrogen Isotopes Molecular Recombination Rates
Hydrogen Isotopes Sputtering Yields
Corrosion Rate by Lithium

Corrosion Rate by Water

Activation Products Decay Times

FERRITIC/MARTENSITIC STEELS

Thermal Properties

Specific Heat Capacity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Heats of Fusion, Vaporization

Mechanical Properties

Elastic Moduli

Plastic Moduli and Creep

Failure Stresses

Cyclic Fatigue Description (rack Growth Rates)
Irradiation-Induced Growth and Swelling
Fracture Toughness



TABLE 1. (continued)

FERRITIC/MARTENSITIC STEFLS (continued)
Electro-Magnetic Properties

Magnetic Permeability
Electrical Resistivity

Physical/Ct emical Properties

Density

Melting Temperatures

Hydrogen Isotopes Permeability

Hydrogen Isotopes Diffusion Rates
Hydrogen isotopes Solubility

Hydrogen Isotopes Reflection (oefficients
Hydrogen [sotopes Trapping Coefficients
Hydrogen Isotopes Molecular Recombination Rates
Hydrogen Isotopes Sputtering Yields
Corrosion Rate by Lithium

Corrosion Rate by Water

Activation Products Decay Times

GRAPHITE
Thermal Properties

Specific Heat Capacity, Enthalpy
Thermal Ccnductivity

Thermal Expansion

Emissivity

Heat of Sublimation

Mechanical Properties

Flastic Moduli

plastic Moduli and Creep

Failure Stresses

Cyclic Fatique Description (Crack Growth Rates)
Irradiation-Induced Growth and Swelling
Fracture Toughness

F lectro-Magnetic Properties

Magnetic Permeability
Flectrical Resistivity



TABLE 1. (continued)

GRAPHITE (continued)
Physical/Chemical Properties

Density

Hydrogen Isotopes Permeability

Hydrogen [sotopes Diffusion Rates
Hydrogen Isotopes Solubility

Hydrogen [sotopes Reflection Coefficients
Hydrogen Isotopes Trapping Coefficients
Hydrogen [sotopes Sputtering Yields
Oxidation Rates

Activation Products Decay Times

SILICON CARBIDE
Thermal Properties

Specific Heat Capacity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Mechanical Properties

Elastic Moduli

Plastic Moduli and Creep

Failure Stresses

Cyclic Fatigue Description (Crack Growth Rates)
Irradiation-Induced Growth and Swelling
Fracture Toughness

Electro-Magnetic Properties

Magnetic Permeability
Electrical Resistivity

Physical/Chemical Properties

Decomposition Temperature

Density

Hydrogen Isotopes Permeability

Hydrogen [sotopes Diffusion Rates
Hydrogen Isotopes Solubility

Hydrogen Isotopes Reflection Coefficients
Hydrogen Isotopes Sputtering Yields
Activation Products Decay Times



TABLE 1. (continued)

COPPER AND COPPER ALLOYS

Thermal Properties

Specific Heat Capa.ity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Heats of Fusion, Vaporization

Mechanical Properties

Elastic Moduli

Plastic Moduli and Creep

Failure Stresses

Cyclic Fatigue Description (Crack Growth Rates)
Irrad’ stion-Induced Growth and Swelling

Electro-Magnetic Properties

Magnetic Permeability
Electrical Resistivity

Physical/Chemical Properties

Melting Temperature
Activation Products Decay Times

Nb3Sn
Thermal Properties

Specific Heat Capacity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Heats of Fusion, Vaporization

Mechanical Properties

Flastic Moduli

plastic Moduli and Creep

Failure Stress

Cycle Fatigue Description (Crack Growth Rates)
Irradiation-Induced Growth and Swelling



TABLE 1, (continued)

Nb3Sn (cont inued)
Electro-Magnetic Properties

Magnetic Permeability
Electrical Resistivity
Critical Field/Critical Current/Critical Temperature

Physical/Chemical Properties

Melting Temperature
Activation Products Decay Times

NDT i
Thermal Properties

Specific Heat Capacity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Heats of Fusion, Vaporization

Mechanical Properties

Elastic Moduli

Plastic Moduli and Creep

Failure Stress

Cycle Fatigue Description (Crack Growth Rates)
Irradiation-Induced Growth and Swelling

Electro-Magnetic Properties

Magnetic Permeability

Electrical Resistivity

Critical Field/Critical Current/Critical Temperature
Physical/Chemical Properties

Melting Temperature
Activation Products Decay Times

G-10 INSULATION
Thermal Properties

Specific Heat Capacity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Heats of Fusion, Vaporization

10



TABLE 1. [continued)

G-10 INSULATION (continued)
Mechanical Properties

Elastic Moduli
Plastic Moduli and Creep
Failure Stresses

Cyclic Fatigue Description (Crack Growth Rates)
Irradiation-Induced Growth and Swelling

Electro-Magnetic Properties
Magnetic Permeability
Electrical Resistivity
Electric Breakdown Field

Physical/Chemical Properties

Melting Temperature
Activation Products Decay Times

LITHIUM
Thermal Properties

Sﬁecific Heat Capacity, Enthalpy
Thermal Conductivity

Thermal Expansion

Emissivity

Heats of Fusion, Vaporization

Mechanical Properties

Bulk Modulus
Viscosity

Electro-Magnetic Properties

Magnetic Permeability
Electrical Resistivity

Physical/Chemical Properties

Melting Temperature

Hydrogen Isotope Solubility

Reaction Rate With Water, Fnergy Release
Reaction Rate With Concrete, Energy Release
Activation Products Decay Times

11



t 1nued




TABLE 1. (continued)

LITHIUM-LEAD COMPOUNDS (continued)
Physical/Chemical Properties

Melting Temperature
Hydrogen Isotope Solubility
Reaction Rate With Water, Energy Release

Reaction Rate With Concrete, Energy Release
Activation Products Decay Times

HELTUM

Thermal Properties
Specific Heat Capacity, Enthalpy
Thermal Conductivity
Thermal Expansion
Emissivity
Heat of Vaporization

Mechanical Properties

Bulk Modulus
Viscosity

Flectro-Magnetic Properties
Magnetic Permeabilities
Electrical Resistivities
Dielectric Constant

Physical/Chemical Properties
Density

Vapor Pressure Versus Temperature
Phase Transition Temperature

HYDROGEN ISOTOPES

Thermal Properties
Specific Heat Capacity, Enthalpy
Thermal Conductivity
Thermal Expansion
Fmissivity
Heat of Vaporization

Mechanical Properties

Bulk Modulus
Viscosity

13



TABLE 1. (continued)

HYDROGEN ISOTOPES (continued)
£ lectro-Magnetic Properties
Magnetic Permeabilities
Electrical Resistivities
Dielectric Constant
Physical/Chemical Properties
Density

Vapor Pressure Versus Temperature
Ortha/para conversion rate for hydrogen

14



neutron irradiation. It is therefore likely that the data summaries of
Reference 1 which are the most complete of the several references will be
adequate for fusion analysis for the next several years.

Figure 1 is a reproduction of the specific heat capacities of 316
stainless steel given by Peckner and Bernstein] and by Leibowitz et a1.7’a
The only differences in the specific heats reported by these sources occur
at the temperature extremes and even there the differe.ces are less than
10%. Values of specific heat taken from the curves presented by these
references are displayed in Table 2.

Thermal conductivities reported by Peckner and Bernstein and by
Leibowitz et al. are reproduced in Figure 2. Although both sources show a
linear dependence on temperature, the slope and values of the line from
Leibowitz et al. is about 10% higher than the slope and values from Peckner
and Bernstein. Table 3 shows values taken from the curves presented by
these two references. The amount of cold-work of these samples is not
known .

Peckner and Bernstein and Leibowitz et al. are also the sources for the
thermal expansion coefficient plots shown in Figure 3. The difference
between the values reported by these references is significant, more than
10%. Unfortunately, Reference 1 does not discuss the measurements on which
it's curve is based (other than to list references which were not available
to this author). Reference 7 indicates that its curve is based on density
measurements. It is possible that the difference in the data is due to some
unspecified parameter like cold work or grain size.

In order to convert the thermal expansion coefficient data into a form
more useful for analysis, the values shown in Figure 3 were integrated and
the resultant thermal strains plotted with a reference temperature of 89.9 K
(the lowest datum of Reference 1) in Figure 4. The integration of the data
of Reference 1 was performed by digitizing the curve given in this reference

a. 5.63375 x 10-2 kg/gm-mole was used to convert the Leibowitz data from
J/cal K to J/kg K.
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Specific heat capacity (J/kg K)

AR e TR T T T
600
Leibowitz et.
500 - -
400 | Peckner and Bernstein -
300 / 1 1 i L 1 1
0 200 400 600 800 1000 1200 1400
Temperature (K)
Figure 1. Specific heat capacity of 316 stainless steel given

by Peckner and Bernsteinl and by Leibowitz et al.
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TABLE 2. SPECIFIC HEAT CAPACIT‘ES OF 316 STAINLESS S;EEL FROM CURVES OF
PECKNER AND BERNSTEIN' AND LEIBOWITZ ET AL.

Temperature Specific Heat Capacity

(K) (J/kgK) Reference

54 301 pPeckner and Bernstein
121 352 Peckner and Bernstein
187 395 peckner and Bernstein
255 431 Peckner and Bernstein
300 454 peckner and Bernstein
346 473 Peckner and Bernstein
393 489 peckner and Bernstein
445 507 Peckner and Bernstein
499 522 peckner and Bernstein
544 531 peckner and Bernstein
584 540 peckner and Bernstein
622 545 Peckner and Bernstein
657 549 peckner and Bernstein
693 554 pPeckner and Bernstein
750 560 peckner and Bernstein
809 569 peckner and Bernstein
870 578 peckner and Bernstein
922 588 peckner and Bernstein
984 599 peckner and Bernstein
1030 609 peckner and Bernstein
1098 621 peckner and Bernstein
1161 634 peckner and Bernstein
1220 648 peckner and Bernstein
1329 672 pPeckner and Bernstein
300 499 Leibowitz et al.

400 513 Leibowitz et al.

500 526 Leibowitz et al.

600 539 Leibowitz et al.

700 552 Leibowitz et al.

800 566 Leibowitz et al.

900 579 Leibowitz et al.
1000 592 Leibowitz et al.
1100 606 Leibowitz et al.
1200 619 Leibowitz et al.
1300 632 Leibowitz et al.
1400 645 Leibowitz et al.
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24 I~

Leibowitz et al

20

Thermal Conductivity (W/mK)

Peckner and Bernstein

12 o

10 1 ‘ 1 1 L 1
0 200 400 600 800 1000 1200 1400

Temperature (K)

Figure 2. Thermal conductivity of 316 stainless steel given

by Peckner and Bernsteml and by Leibowitz et al.7
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TABLE 3. THERMAL CONDUCTIVITIE? OF 316 STAINLESS STFEL FROM CURVES OF
PECKNER AND BERNSTEIN' AND LEIBOWITZ ET AL.

Temperature Thermal Conductivity

(K) (w/mK) Reference

121 10.7 Peckner and Bernstein
434 15.0 Peckner and Bernstein
668 18.1 peckner and Bernstein
970 2 Peckner and Bernstein
1342 27.4 peckner and Bernstein
300 14.0 Leibowitz

600 18.7 Leibowitz

1000 25.0 Leibowitz

1400 31.3 Leibowitz
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Thermal expansion coefficient (lO’6 m/mK )

22 T T o T T 1

2l -

Leibowitz et al.
20

1
o |

191

18+

17

Peckner and Bernstein

164

15+

14 L | | L1 1 L
0 200 400 600 800 1000 1200 1400

Temperature (K)

Figure 3. Thermal expansion coefficient of 316 stainless steel

. . 7
given by Peckner and BernsteinI and by Leibowitz et al.
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Thermal strain of 316 stainless steel referenced to
89.9 K obtained by integrating thermal expansion
coefficients giver by Peckner and Bernstcinl and

by Leibowitz et al”.
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and using a parabolic approximation for the area (Simpsons rule generalized
to allow arbitrary abcissa intervals). The data of Reference 7 were
integrated using the analytical expression given in this reference. The
digitized thermal strains used to produce Figure 4 are listed in Table 4.

No data have been found for the emissivity of 316 stainless steel,
Estimated values of this parameter range from 0.1 for a clean surface to
0.8 for an oxidized surface.

The heats of fusion and vaporization for 316 stainless steel have been

reported to be 3610 cal/mol (2.68 x 105J/kg) and 99720 cal/mol
(7.41 x 1080/kg) by Lebowitz.

2.1.2 Mechanical Properties

The mechanical properties of 216 stainless steel are difficult to
obtain for many situations because they are strongly dependent on cold-work,
irradiation, and impurity content. The existing data for elastic moduli,
plastic moduli or creep, failure stress, cyclic fatigue, irradiation growth
or swelling, and fracture toughness will be discussed.

Peckner and Bernstein] present .both the shear modulus and Youngs
modulus in tension. Their results (from Table 5 page 21-6) are reproduced
in Table 5. The classical, slow reduction of both moduli with increasing
temperature is apparent in the table. Although no data are available, it
is reasonable to assume a slight reduction with radiation (about 10%) due
to destruction of the solid lattice. The cubic structure of the steel also
allows assumption of isotropy and the isotropic expression for Poisson's
ratio

el (1)
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TABLE 4. THERMAL STRAINS OF 316 STAINLES? STEEL CALCULATED BY INTEGRATING
CURVES OF PECKNER AND BERNSTEIN' AND LEIBOWITZ ET aL.’

Temperature Thermal Strain

(K) (10'3m/m) Source of Curve
89.9 0 Peckner and Bernstein
131.1 0.59 Peckner and Bernstein
172.2 1.19 Peckner and Bernstein
215.0 1.83 peckner and Bernstein
255.5 2.44 peckner and Bernstein
302.0 3.15 Peckner and Bernstein
343.3 3.79 Peckner and Bernstein
395.2 4.61 peckner and Bernstein
424 .8 5.08 Peckner and Bernstein
474.5 5.89 Peckner and Bernstein
519.6 6.64 Peckner and Bernstein
562.3 7.35 Peckner and Bernstein
607 .4 8.12 Peckner and Bernstein
654.0 8.92 Peckner and Bernstein
702.1 9.75 peckner and Bernstein
152.17 10.64 Peckner and Bernstein
807.0 11.61 Peckner and Bernstein
859.9 12.57 Peckner and Bernstein
911.2 13.50 Peckner and Bernstein
971.8 14,62 Peckner and Bernstein
1033.9 15.77 Peckner and Bernstein
1096.1 16.94 peckner and Bernstein
1159.8 18.14 Peckner and Bernstein
1227.4 19,42 peckner and Bernstein
1298.9 20.78 Peckner and Bernstein
89.9 0.00 Leibowitz
200 2.01 Leibowitz
300 3.86 Leibowitz
400 5.74 Leibowitz
500 7.64 Leibowitz
600 9,57 Leibowitz
700 11.53 Leibowitz
800 13.52 Leibowitz
900 15.53 Leibowitz
1000 17.58 Leibowitz
1100 19.66 Leibowitz
1200 21.77 Leibowitz
1300 23.91 Leibowitz
1400 26.08 Leibowitz
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TABLE 5. 316 S?AINHESS STEEL ELASTIC MODMLI ACCORGING TO PECKNER AND

BEPNSTEIN

Temperature Young; Mcgulus Shea; Mogulus

el | . (10" N/m°) (10°N/m)
366 193.7 75.8
422 169.6 73.1
477 185.5 71.0
533 181.3 69.0
589 176.5 66.9
644 171.7 €4.8
700 166.9 62.7
755 i62.0 60.7
811 187.2 58.6
866 153.1 57.2
922 148.2 55.8
977 143.4 54.5
1033 137.9 53.1
1089 131.7 51.7
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TABLE 6. 316 STAINLE§§ STEEL PLASTIC DEFORMATION DATA FROM GROSSBECK
AND MAZIASZ

Neutron Yield Ultimate Uniform
Temperature Cold ngk Flugnce2 Strgngth Str;ngth £ 1ongat ion

(K) (mfm’)  (10%%am?)  (1Pra)  (10%pa) (m/m)
623 0.0 0.0 176 558 0.32
623 0.2 0.0 527 633 0.12
623 0.2 0.0 585 676 0.078
623 0.0 1.7 786 869 0.046
623 0.2 0.63 780 848 0.045
623 0.2 1.0 855 317 0.042
623 0.2 1.1 611 752 0.033
623 0.2 1.7 594 731 0.033
623 0.2 1.7 688 800 0.046
723 0.0 0.0 156 565 0.32
723 0.2 0.0 496 641 0.12
723 0.2 0.0 572 663 0.083
723 0.2 0.0 542 645 0.10
723 0.0 1.4 399 591 0.084
723 0.0 2.1 345 586 0.120
723 0.2 0.9 481 641 0.11
723 0.2 13 405 584 0.083
723 0.2 1.4 459 619 0.10
723 0.2 2.1 395 613 0.1
823 0.2 1.9 310 490 0.044
848 0.0 1.2 248 468 0.064
848 0.0 1.9 236 467 0.061
848 0.2 0.0 480 576 0.10
848 0.2 0.0 638 758 0.082
848 0.2 0.0 512 589 0.082
848 0.2 0.9 296 503 0.110
848 0.2 1.2 332 510 0.044
848 0.2 1.4 341 538 0.095
848 0.2 - 3 290 448 0.048
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TABLE 7. 316 STAINLESS STE'L PLASTIC DEFORMATION DATA FROM JONES ET AL 14

o Neutron Yield ltimate Uniform
old Work ]
Temperature u? gr Fozgncez Strgngth Strgngth Elongation
(K) (m"/m") (10°"n/m") (10" Pa) (10" Pa) (m/m)
293 0.0 0.0 307 525 -
293 0.0 3 x 1073 341 570 an
293 0.0 1 x 10-4 357 503 u

TABLE 8. 316 STAINLESS STEEL PLASTIC DEFORMATION DATA FROM FENICI ET AL.!3

Cold Yield Ultimate
Uniform

Temperature ngkz Strgngth Strgngth Elongation

(K) (m"/m°) (10°Pa) (10" Pa) (m/m) Comment
Room 0.0 379.5 588.4 0.5 Solution annealed
Temperature
Room 0.0 315.7 607.5 0.586 Aged in vacuum, 873 K
Temperature

873 0.0 203.3 383.6 0.314 Solution annealed

873 0.0 128.1 352.3 0.361 Aged in vacuum, 873 K
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vield Strength (10% W/m?)

1000 T T T T
o Grossbeck annealed15
E e | ® Grossbeck 0.2 cold-work15
o Jones et al annealec!w1
A Fenici et al annealedl“
800 v Fenici et &l annealed.aged13
e Bloom 0.2 cold-work =
-
L ]
600 r 2 .
| L ]
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400 + -
A
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Peckner and Bernstein o
recommendat;ion v
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Temperature (K)
Figure 5, Data and values recommended for 316 stainless steel

yield strength,
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Ultimate Strength (10® H/m?)
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¢ Bloom 0.2 cold work12
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Figure 6. Data and values recommended for 316 stainless
steel ultimate strength.
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Uniform Elongation (m/m)

0'6 A Ll b 1
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o Grossbeck annealed ”
e Grossbeck 0.2 cold worg
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Figure 7. Data for 316 stainjess steel uniform elongation.
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Unfortunately, the data summarized in Figures 5 to 7 are not in the
form that will be needed for analysis. Analysis of 316 stainless steel
deformation will require some means of relating stress to dteformation.'6
Since very few complete graphs of stress versus strain are published, the
best one can do at present is to assume one of the classical equations of
state for material deformation and fit the constants in this equation to
force reproduction of the yield and ultimate strengths, The equation of
state preferred by this author is a modified form of the Holloman relation

: m
= K cn < (2)
e} TO_:}

where
o = true stress® (Pa)
- -
€ = true plastic strain” (m/m)
¢ = true plastic strain rate (s'])
K = strength coefficient (Pa)
n = strain hardening exponent (dimensionless)
m = strain rate sensitivity exponent (dimensionless).

Evaluation of the three material constants, K, m, and n, requires not
only the yield and ultimate strengths along with their corresponding strains
but also measurement of the stresses required to produce two different
strain rates at a given strain.

a. True stress equals the force per unit cross-sectional area determined
at the instant of measurement of the force.

b. True strain equals the change in length divided by the length at the
instant of change integrated from the original to the final length.
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The strength coefficient and strain hardening coefficient can be
evaluated by requiring Fquation (2) to reproduce the yield strength at a
plastic strain of 0.002 and the ultimate strength at the uniform strain.
In order to carry out the evaluation, the engineering stresses and strains
given in Tables 2-5 are converted to true stresses and strains with the
relations

e = In(e + 1) (5)
o = S exp(e) (6)
where

e = engineering strain® (m/m)

v
"

engineering stressb (ra).

The yield strength, which is the stress at 0.002 plastic strain
provides one equation in the two unknowns, ¥ and n,

oyierg = K[In(1.002)]" . (7)

The ultimate strength and corresponding uniform strain provide the
necessary second equation,

= K[In(1 + e H" (8)

“ultimate uniform

a. Engineering strain equals the change in length divided by the initial
length,

b. Engineering stress equals the force per unit initial cross-sectional
area,
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where

“yield = true stress at yield (Pa)
“yltimate true stress when engineering stress is at maximum (Pa)
€. niform engineering strain when engineering stress is at

maximum (m/m).,

Equations of the form of Fquation (2) cease to be accurate when strain
rates decrease below 10'6/5 because an entirely different mechanism of
deformation is operating. The available data for this kind of deformation
are presented as either a minimum or an average creep rate as a function of
temperature, stress, irradiation and/or cold work. Unfortunately, these
average or minimum creep rates deal only with secondary or steady-state
creep. A primary, transient stage of creep is not measured in any of the
references found to date."]]’]7']8 Another problem with the available
data is that the irradiated material was all tested after irradiation when
the flux was zero. The creep rates in flux may be quite different. It is
interesting to note that even these zero-flux test results reproduced in
Tables 10 to 12 show enhanced creep rates after irradiation. Additional
problems are caused by non-standardized reporting, Some authors report
just a stress (presumably an engineering stress) while others report true
initial stress. Sometimes only creep elongation at failure is reported and
other times the total elongation (presumably an initial strain upon loading
plus the strain added during the creep test) is reported. [f creep strains
in 316 stainless steel turn out to be an important consideration, more care-
fully documented experiments will be required. At the present time, the
most useful information is the recommended creep rates and rupture times
contained in Figure 2 of Chapter 21 of Peckner and Bernstein.] This
information is reproduced in Figure 8 of this report.

The only source of true failure stresses for 316 stainless steel that

has been located is Bloom é&nd Hiffen.n Their data are shown in Table 13
and Figqure 9., The data show a clear trend for the true failure stress to
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TABLE 10. 316 STAINLESS STEEL CREEP DATA FROM BLOOM AND WIFFEN'!

ge - g
WL ) (0%
823 0.0 0
823 0.0 3.8
823 0.2 0.5
823 0.2 6.2

S":“ Creep Rate ;l::u:: Elg;;:‘t’ion

{10°pPa) (m/ms) (s) (m/m)
310 3.9 x 10°° 8.3 x 106 0.17
310 2.8 x 1077 1.6 x 103 0.00)
310 1.7 x 10-8 2.3 x 108 0.007
310 1.9 x 10°7 2.0 x 102 0.011
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TABLE 11. 316 STANLESS STEEL CREEP DATA FROM SIKKA AND DAVID'’
s e, T Minimum Time to Creep
Temperature Creep Rate Rupture £ longation

(x) (a0 /nf) (1678 n/af) (10°pa) (m/ms) (s) (m/m)
81 . 0.0 6.0 241 1.14 x 10-8 8.65 x 10° 0.103
866 0.0? 0.0 276 6.7 x 10°7 6.23 x 104 0.179
866 0.0% 0.0 241 1.42 x 10°7 1.70 x 105 0.149
866 0.02 0.0 241 3.89 x 10°7 1.01 x 10° 0.145
866 0.0° 0.0 24) 5.56 x 1077 1.52 x 105 0.144
866 0.0° 0.0 241 3.61 x 1077 5.18 x 104 0.146
866 0.0 0.0 241 4.17 x 10°8 5.4 x 107 0.151
866 0.0° 0.0 241 1.86 x 10°7 2,47 x 10 0.143
866 0.02 0.0 2 3.06 x 10°7 6.88 x 104 0.089
866 0.0b 0.0 241 4.17 x 107 2.16 x 10° 0.072
866 0.0° 0.0 241 2.78 x 10°7 1.50 x 10° 0.167
866 0.0P 0.0 28) 7.22 x 10°7 6.55 x 10% 0.137
866 0.0° 0.0 241 3.33 x 1077 1.01 x 10% 0.106
866 0.0° 0.0 241 1.19 x 1077 2.29 x 10° 0.114
866 0.0° 0.0 241 1.1 x 1076 2.40 x 10° 0.078
866 0.02 0.0 172 8.9 x 19°9 9.61 x 10° 0.072
366 0.0% 0.0 138 5.56 x 10-10 3,56 x 107 0.058
922 0.0% 0.0 10 1.36 x 10-8 4,96 x 108 0.304

0.

As-cast condition,

Cast-and-annealed condition,
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Figure 8. 316 stainless steel creep rates and rupture
times recommended by Peckner and Bernstein.l
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The only attempt to reduce data to an analytical form like Fquation (9)
that has been found is the effort by Davis et al.6 This reference pro-

poses the use of one of the following three expressions for 20% cold-worked

316 stainless steel in an air environment for temperatures in the range
297 to 866 K:

(G0, = exl7.26 x 1073(1)-43.1] w8 (10)
(%%)2 = exp[0.008(T)-16.9] AK]'S (1)
- 3

(%%)3 = exp[4.54 x 10 6(T)2.18.7] AK (12)
where

da s le)

an = fatigue crack growth rate (mm/cycle

T = temperature (°C)

aK 2 stress intensity factor range (MPa m).

To determine which of the three equations to use for a particular T and
sK, Davis offers the following set of rules:

1. Calculate
da da da
('a'ﬁ) 1° ('&ﬁ)z and ('a'ﬁ)3 .

2. Use Equation (10) if

da da
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or if

da da

(@ < @@y -
Otherwise,
Use Equation (11) if
@2 > @03

Use Equation (12) if

da da
(aﬁ)z < (aﬁ'):s .

Equations (10) to (12) are said to be supported by data but neither
the data nor references are published.

A second set of correlations is offered in Reference 6 which are
apparently intended as an alternate means to predict cyclic failure when
irradiation is present. 1In this case the expressions proposed are

b -0.12 , =0.5
be, = 0.8 N + 100 kf (13)
and
-2.12 -0.5
8 er = 0.75 N + 45 N (14)
where
Ae = total strain range (%)

a4






TABLE 14. 316 STAINLESS STQSL FATIGUE CRACK GROWTH RATES ACCORDING TO
MICHEL AND SMITH

Stress
Intensity Crack
Temperature Colg Ngrk Flggnce2 Factgr Range Gro:th Rate
(K) (am“/m®) (10“n/m)  (10°pa¥m) (10" m/cycle)
922 0.0 1.2 36.1 30.5
38.7 33.6
41.4 50.2
44.3 68.6
48.1 178.
52.2 415,
56.2 629.
61.6 1260.
65.7 1266.
922 0.0 0.0 22.7 0.508
24.3 0.708
26.5 0.805
28.6 1.32
31.4 1.60
35.1 3.16
38.2 5.55
866 0.0 0.0 19.5 0.606
21.7 0.731
24,2 0.978
26.5 139
29.4 1.71
32.8 2.85
37.0 3.60
41.4 6.32
47.4 8.46
54.5 9.95
64.0 16.7
866 0.0 1.4 21.9 2.07
23.9 1.85
26.9 2.87
29.8 4.07
33.3 5.85
37.0 8.19
42.0 12.1
47.2 16.4
55.0 23.2
64.2 50.3
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TABLE 14. (continued)

Stress
Intensity Crack
Temperature Colg ngk thagnce2 Factor Range Growth Rate
(K) (am’/m?) (10%%n/m’)  (10%paim) (10~8m/cycle)
922 0.2 1.4 20.4 411,
21.8 398.
23.2 427
24.5 483.0
26.1 519,
27.9 626.
30.2 726.
32.2 929.
922 0.2 0.0 28.1 0.779
29.9 0.847
31.6 0.971
33.7 1.16
35.7 1.44
39.0 1.95
43.1 2.39
46.5 3.28
49.5 3.26
53.3 5.19
57.5 8.61
62.2 8.66
66.8 26.2
72.6 26.2
866 0.2 0.0 22.8 9.79
25.¢ 10.05
27.7 10.5
31.0 10.6
35.1 11.1
39.6 11.2
45.0 17.5
51.7 26.2
59.7 46.3
69.8 84.1
866 0.2 1.7 20.4 101.
22.4 131.
24.8 160.
275 180.
30.7 208.
34,3 253.
38.9 293.
44.2 447.
51.3 579.
58.S 750.
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Figure 10 is a comparison of those data of Table 14 which are taken at
866 K using material with a cold-work of 0.2 to the predictions of
Equations (10), (11), and (12). Since Reference 6 reports these Fquations
are within a factor of two of their data, the figure demonstrates that hold
time and irradiation effects are both important considerations in determin-
ing crack growth rate that are not considered by the authors of Reference 6.

Crack growth data and correlations have been published by Nagata et al.23
but the data are not reproduced here because they relate plastic strain
range to number of cycles required for failure. Such data are a function
of sample size and shape and thus not a material property.

The irradiation growth and swelling of 316 stainless steel are
typically not considered to be materials properties and therefore will not
be discussed in detail. Swelling models and data for 316 stainless steel
are available in References 25 through 28.

Unfortunately, few fracture toughness data have been found for
316 stainless steel. General trends are discussed by Peckner and
Bernstein2 and in Fickett et al.29 Table 15 reproduces the low

temperature fracture toughness data for 316 stainless steel welds shown in
Figure 3 of Reference 29.

2.1.3 Electromagnetic Properties

The electrical resistivity of 316 stainless steel at room temperature
is given by Peckner and Bernstein] as 7.3 x 10‘7 ohm-m, These authors
report the room temperature magnetic permeability is 1,008,

Davis6 offers correlations for the electrical resistivity for temper-

atures between 0 and 1000 K. The expression Davis proposes for unirradiated
material is

8 10

o= 58.4 x 107° +3.70 x 10719 1 + 3.60 x 10”7 exp(-344.8/1) (15)
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Figure 10. Comparison of 316 stainless steel crack growth rate
data from Michel and Smith22 with a oie minute hold
time to crack growth predictions from Reference 6.
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TABLE 15. FRACTURE TOUGHBSSS OF 316 STAINLESS STEEL WELDS ACCORDING TO

FICKETT ET AL.

Temperature Ferrite in Weldment Fracture Toughness

(k) (percent) (10% pa {m)
. 1.0 154
76 1.0 158
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TABLE 16. SLOSF AND INTERCEPT FOR STANLEY'S30 LINEAR CORRELATION BETWE! N
MAGNETIZATION AND APPLIED FIELD
Temperature lnfgrrept Slope
{x) (107" Tesla) Tesla/Tesla)
317 4,60
264 4.89
204 5.18
165 5.34
153 5.7¢
82 7.58
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TABLE 17. HYDROGEN-ON-STA&”LESS STEEL REFLECTION COEFFICIENTS ACCORDING TO
ECKSTEIN ET AL,

Primary Energy

Particle (10 . Joules/Nucleon) Reflection Coefficient
D2 3.95 0.228
Dy 7.81 0.126
H3 8.09 0.126
Hp 3.95 0. 186
Ho 7.97 0.119
Ha 12.04 0.091
H 12.01 0.083
H 16.01 0.069
H 20.03 0.057
H 24,05 0.047

TABLE 18. HYDROGEN-ON-STAINLESS STEEL REFLECTION COEFFICIENTS ACCORDING TO
THOMAS42

Primary Energy
-16

Particle (10 Joules/Nucleon) Reflection Coefficient
0* 0.214 0.500
p* 0.441 0.419
p* 0.870 0.404
p* 1.32 0.356

p* 1.80 0.311
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TABLE 19. TRAPPING COEFFICIENT FOR DER%ERIUM IONS ON A STAINLESS STEEL
SURFACE FROM FREEMAN ET AL.

Temperature 200°se ?
(K) (10°" atoms/m) Trapping Coefficient
173 149, 0.75
173 161. 0.54
173 165. 0.44
173 181. 0.33
173 191, 0.25
173 214, 0.18
173 245, 0.12
173 304. 0.04
173 380. 0.01
300 11.3 0.60
300 15.3 0.50
300 19.5 0.39
300 22.3 0.30
300 30.6 0.19
300 41.6 0.15
300 53.0 0.03
300 62.5 0.01
390 2.87 0.86
390 4.17 0.71
390 5.78 0.58
390 7.25 0.34
390 8.80 0.17
390 11.8 0.07
390 14.7 0.04
390 17.9 0.0?
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required for tritium inventory calculations are particularily scarce and
are proposed as a high priority item for measurements.

2.2.1 Thermal Properties

Yirtually no thermal property data have been found for the V-15 Cr-5T;
or VANSTAR 7 alloys. Therefore the specific heat capacity enthalpy, thermal
conductivity, thermal expansion, emissivity and heat of fusion of these
alloys will have to be estimated from related data.

Touloukian and Ho56 have published recommended specific heats for
Vanadium which are proposed as interim estimates for alloy specific heats.
Their recommended values are reproduced in Table 25 and Figure 15, The
values are not greatly different than those of 316 stainless steel and they
can be improved if necessary by using a mass-weighted average of the
specific heats of the alloy components.

12

Bloom “ has published a value of thermal conductivity for v-20 Ti at

773 K, 26.0 W/mK. The best estimate aside from this number that has been
found are the Vanadium thermal conductivities recommended by Touloukian and
Ho56 which are in part reproduced in Table 26. Since Touloukian and Ho
state that the conductivity of vanadium is strongly affected by impurities,
especially at low temperatures, the best estimate for the alloy conductivity
in the temperature range 300 to 2000 K is probably obtained by using the
small rate of dependence on temperature from the Vanadium conductivity with
the single alloy value at 773 K:

3

K =26+ (T -773) 7 x 107 (25)
where

K = thermal conductivity of V-15 Cr-5Ti or VANSTAR 7 (W/mek)

T = temperature (K).
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TABLE 25. SPEgIFIC HEAT VALUES RECOMMENDED FOR VANADIUM BY TOULOUKIAN AND
HO

Temperature Specific Heat Capacity at Constant Pressure
(K) (J/kg=K)
1 0.002 (Superconducting) 0.191 (Normal)
3 0.705 (Superconducting) 0.585 (Normal)
5 2.29 (Superconducting) 1.02 éNormal)
5.4 1.11  (Superconducting) 1.11  (Normal)
7 1.53
10 2.39
15 4,21
20 6.80
25 10.6
30 18.4
40 39.5
50 67.6
60 106
70 148
80 192
90 232
100 265
150 377
200 436
250 470
273 481
293 489
300 491
350 504
400 514
450 523
500 530
600 541
700 551
800 561
900 573
1000 590
1100 604
1200 621
1300 640

72









TABLE 26. THFgMAL CONDUCTIVITIES RECOMMENDED FOR VANADIUM BY TOULOUKIAN AND

HO?
Temperature Thermal Conductivity
(K) (W/meK)
300 35.1
400 35.7
500 36.3
600 37.0
700 37.7
800 38.3
900 39.0
1000 39,7
1100 40.5
1200 41.1
1300 41.8
1400 42.6
1500 43.3
1600 44 .0
1700 44,7
1800 45.4
1900 46.1
2000 46.7
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The thermal conductivity calculated by Fquation (25) is 30% higher than that
of 316 stainless steel at 773 k and about equal to that of 316 stainless
steel at 1400 k.

The best available linear thermal expansion data are those for

56 This reference uses

vanadium which are reviewed by Touloukian and Ho.
40 data sets to produce the following correlation for the temperature range

293 to 2000 K:

oyp = -0.269 + 8.971 x 107 7+ 5.822 » 1078 17 4 5,036 x 107" 13 (26)
where

Pth = thermal strain (100 m/m)

T = temperature (K),.

The correlation-calculated values of strain as a function of temperature

are illustrated in Figure 16. The thermal strains estimated with

Equation (26) are about half those of 316 stainless steel at corresponding
temperatures and the derivative of Fquation (26) predicts a linear expansion
rate equal to the rate given by Bloom‘3 for V-20 Ti alloys at 733 K. As
long as phase changes are not introduced by alloying, it is likely that
Equation (26) will be satisfactory for both V-15 Cr-5 Ti and VANSTAR alloys.

The emissivity of metal surface is difficult to predict because it is
a strong function of the oxidation and roughness of the surface. For
polished vanadium Touloukian and H056 recommend a normal total eaittance
which increases linearly from 0.1 near 800 K to 0.2 near 2000 K. No data

have been found for oxidized vanadium alloys.
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3

A value of (410 + 50) x 10

J/kg has been recommended by Touloukian
and H056 for the heat of fusion of vanadium and is suggested as an approx-
imate value for V-15 Cr-5 Ti and VANSTAR 7 alloys. This estimate can be
improved if necessary by using a mass-weighted average of the heats of

fusions of the alloy components.

2.2.2 Mechanical Properties

The mechanical properties of V-15 Cr-5 Ti and VANSTAR 7 are difficult
to estimate because few useful alloy data have been found and because
mechanical properties are significantly affected by alloy composition and
irradiation. Modeling the effects of cold work is not a problem because
the preferred microstructural condition of these alloys for service above
673-773 K is in the annealed condition.24 The existing data for elastic
moduli plastic moduli or creep, failure stress, cyclic fatigue, irradiation
growth or swelling and fracture toughness will be discussed. Where possible
recommendations will be made for these properties.

Only two data for elastic constants have been located. The first is a

result quoted by Bloom]Q for the Youngs modulus of V-20 Ti at 773 K,

1.12 x IO]] N/mz. No reference or discussion of the measurement is

given. The second set of values was obtained from ultrasonic pulse techni-
que measurements on Vanadium by Reynolds.57 It is presumed that Reynold's
values of the Youngs modulus, shear modulus and Poisson's ratio, 1.27 x
10]] N/mz, 4.66 x 10]0 N/m2, and 0.36, were at room temperature.

Since no other data have been found, a constant value of 0.36 for the
Poisson's ratio is recommended along with a linear fit to the two
measurements of Youngs modulus:

1 7

E=137x10" -3.2x 10071 (27)




HNAa
youngs

modu 1

Equatior
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TABLE 28. v-20 Ti PLASTIC DEFORMATION DATA FROM TANAKA ET AL.59

Neutron Yield Ultimate Uniform
Temperature F;genceo Strgngth Strength  Flongation

(K) (10°® am®)  (10° Pa)  (10° pa) (m/m)
298 0 546 661 0.120
673 0 387 588 0.114
673 3 677 817 0.048
798 0 400 668 0.130
848 0 407 681 0.14]
848 3 376 603 0.106
898 0 384 619 0.123
973 0 345 499 0.134
973 3 385 468 0.141

a. This sample was irradiatad in a sodium environment.
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Data or recommended values for cyclic fatigue of Vanadium or its alloys
have been published in three references.‘z'sa’sz However, two of these
references published only measurements of strain or stress range versus
cycles to failure and will therefore not be used because of concern that
such data measure sample size as well as a property of the material.
Bloomlz has published recommended values of crack growth rates in annealed
vanadium at 300 K. His recommendation is reproduced in Figure 17, The end
points of the line are (6.00 x 106 Pa-m]/z, 1.16 x 1072 m/cycle) and

(1.45 x 107 Pa-m'/z, 3.68 x 10'8 m/cycle).

No data have been found for the irradiation growth, swelling or
fracture toughness of vanadium or its alloys.

2.2.3 Electromagnetic Properties

No data have been found for the electrical resistivity or magnetic
permeability of vanadium or its ailoys.

2.2.4 Physical/Chemical Properties

The properties that will be discussed in this section are density,
melting temperature, hydrogen isotope solubility, hydrogen isotope per-
meability, hydrogen isotope diffusion rates, hydrogen isotope reflection
coefficients, hydrogen isotope trapping coefficient data, hydrogen isotope
molecular recombination rates, hydrogen isotope sputtering yields, corrosion
by lithium, corrosion by water, and activation product deay times. In most
cases no data have been located and no better estimate than the correspond-
ing properties for stainless steel are available.

No measurements of the density and melting temperaures of V-15 Cr-5 Ti
or VANSTAR 7 are available but these properties can be estimated from the
corresponding properties for pure vanadium,sl 6100 kg/m3 and 2160 K.

The density is 20% less than that of 316 stainless steel and the melting
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higher than that of stainless steel.

ing temperature of

the pure element.

Although no alloy data are available, there is some available infor-
mation about hydrogen isotope permeability, diffusion rates and solubility
in pure vanadium. Maroni and vVan Deventer” ' provides an

expression for the

temperature

in pure vanadium is about three orders of magnitude larger

stainless steel and increases with decreasing temperature

the vanadium forms hydrides.

t

Both Maroni and Van Deventer” and Namba e

“ \

meation of hydrog2an through vanadium. Maroni ar

J 4

Reference 31) 19es a permeability determined




X = plate thickness (m)

A(dﬁa = difference of the square root of pressure across the
plate (Jqéj";a).

Namba et al. report data which suggest that Fquation (29) is not valid for
low pressures (less than about 20 Pa). They also report that a vanadium
oxide surface layer acted as a barrier to hydrogen permeation,

Unfortunately no data have been found for hydrogen isotope diffusion
rates, hydrogen isotope reflection coefficients, hydrogen isotope trapping
coefficients, hydrogen isotope molecular recombination rates, hydrogen
isotope sputtering yields, or vanadium alloy corrosion by water.

A curve estimating the radioactivity of vanadium-titanium alloys as a
function of time after shutdown has been published by Crocker and
Holland‘55 This information is reproduced in Table 29 and Figure 18,
Comparison with the analogous figure for 316 stainless steel, Figure 14,
shows that with the exception of the first 50 seconds after shutdown

vanadium-titanium alloys are far less radioactive than 316 stainless steel.

2.3 Ferritic/Martensitic Steel Alloys

A number of ferritic/martensitic steel alloys are being considered for
first wall applications in fusion reactors because these alloys have demon-
strated very little swelling under fast neutron bombardment24'63’64 and
may be resistent to neutron radiation effects for several properties. The
possible gains from the minimal swelling and other favorable properties may
increase the first wall lifetime enough to outwiegh the disadvantages of
using a ferro-magnetic alloy. The ferritic/martensitic alloys under most
active consideration are a modified 9 Cr-1 Mo? steel developed for LMFBR

a. The 9 and | designate 9% chromium and 1% molybdenum, respectively.
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TABLE 29. RADICACTIVITY OF VANADéyM-TITANIUM ALLOY AFTER SHUTDOWN ACCORDING
TO CROCKER AND HOLLAND

Time After Shutdown Radioactivity
(s) (Ci/kw(th))
1.00 x 10! 1.31 x 103
1.91 x 10! 1.15 x 103
5.0 x 10] 9.49 x 102
9.02 x 10! 7.59 x 102
1.84 x 102 5,37 x 102
4,12 x 102 3.50 x 102
9.25 x 102 1.69 x 107
1.46 x 103 1.06 x 107
2.87 x 103 7.30 x 10]
8.08 x 103 5.63 x 10!
2.13 x 104 5.56 x 10!
5.27 x 104 5.14 x 10!
1.18 x 10% 4.23 x 10!
5.59 x 10° 1.95 x 10!
3.20 x 108 7.08
2.71 x 107 2.20
1.05 x 108 8.67 x 10~
2.01 x 108 4,25 x 10~
2.78 x 108 1.90 x 10!
3.06 x 108 4.82 x 10-2
3.97 x 108 1.72 x 10-3
5.31 x 108 1.82 x 10-5
6.24 x 108 1.40 x 10-6
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reactors and a commercial steel alloy with 12 Cr-1 Mo-0.3 V which is desig-

nated alloy HT-9. Unfortunately, many of the data which do exist for these
alloys have not yet been published.64 Properties will therefore fre-

quently have to be estimated from data obtained from similar steel a'loys.

2.3.1 Thermal Properties

No thermal property data have been found for 9 Cr-1 Mo steel or HT-9.
However, Peckner and Bernstein] have published recommended properties for
403 and 410 stainless steels and these steels are similar to 9 Cr-1 Mo and
HT-9, Chapter 1 of Peckner and Bernstein gives the composition of 403 and
410 stainless steel as 0.15% maximum carbon, 1% mangenese and 11.5 to 13%
chromium and points out that they are martensitic steels. The corresponding
composition and martensitic structure of the 403 and 410 steels should make
their thermal properties very similar to the thermal properties of 9 Cr-1 Mo
and HT-9 so the 403 and 410 stainless steel properties are recommended as
an interim estimate for the 9 Cr-1 Mo and HT-9 properties.

values of the specific heat capacity of 410 stainless steel taken from
a curve in Peckner and Bernstein‘ are displayed in Table 30 and Figure 19.
The specific heat capacity of 410 stainless steel is about the same as the
specific heat capacity of 316 stainless steel in the temperature range 250
to 700 K but for temperatures in the range 700 to 1350 K the specific heat
capacity of 410 stainless steel is significantly larger than that of
316 stainless steel.

L for 403 and

410 stainless steel are reproduced in Table 31 and Fiqure 20. The conduc-

Thermal conductivities reported by Peckner and Bernstein

tivities for these two steels are similar and nearly twice the thermal
conductivity of 316 stainless steel.

Table 32 and Fiqure 21 illustrate the average thermal expansion
coefficients for 403 and 410 stainless steel between 273 K and the tempera-
ture indicated. The two alloys differ by no more than five percent over
the entire range of temperatures studied. When the average expansion
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Figure 19. Specific heat capacity of 410 itain]ess steel
given by Peckner and Bernstein®.
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TABLE 32. AVERAGE THERMAL EXPANSION COEFFICIENTS FOR 403 AND 4‘0 STAINLESS
STEEL FROM CURVES PUBLISHED BY PECKNER AND BERNSTEIN

Upper Temperature Average Therma! %xpansion Coefficient
K (107" m/meK) Steel Type
410 9.93 403
449 9.95 403
49] 9.97 403
519 10.00 403
551 i0.04 403
584 10.10 403
605 10. 16 403
627 10.25 403
643 10.33 403
660 10.45 403
677 10.57 403
709 10.76 403
736 10.96 403
768 11.17 403
790 11.30 403
806 11.38 403
828 11.48 403
842 11.53 403
865 11.60 403
891 11.64 403
909 11.67 403
925 11.68 403
389 10.02 410
410 10.09 410
459 10.24 410
505 10.38 410
550 10.53 410
594 10.68 410
638 10.82 410
677 10.97 410
714 11.09 410
744 11,21 410
782 11.34 410
828 11.49 410
867 11.60 410
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TABLE 32. (continued)

Average Thermal Expansion Coefficient
(10°8 m/meK ) ) Steel Type

909 11.76 410
953 11.91 410
997 12.07 410

1036 12.21 410
1084 12.39 410

Upper Temperature
(K)

1122 12.56 410
1146 12.68 410
1168 12.81 410
1188 12.92 410
1208 13.04 410

1222 13.16
1238 13.26
1251 13.39
1261 13.50
1269 13.63
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rigure 21, Average thermal expansion coefficients for 403
and 410 stainless steel between 283,15 K
and the indicated temgerature according to
Peckner and Bernsteini.







TABLE 33.

THERMAL STRAINS CALCULATED FROM AVERAGE THE%MAL EXPANSION
COEFFICIENT CURVES OF PECKNER AND BERNSTEIN

Thermal Strain

Upper Temperature -3
(K (107" m/m) Steel Type
273.15 0 403
410 1.36 403
449 1.75 403
491 2.17 403
519 2.46 403
551 2.79 403
584 3.14 403
605 3.37 403
627 3.63 403
643 3.82 403
660 4.04 403
677 4,27 403
709 4.69 403
736 5.07 403
768 5.53 403
790 5.84 403
806 6.06 403
828 6.37 403
842 6.56 403
865 6.87 03
a91 7.19 403
909 7.42 403
925 7.61 4c3
389 1.16 410
410 1.38 410
459 1.90 410
505 2.41 410
550 2.92 410
594 3.43 410
638 3.95 410
677 4.43 410
714 4.89 410
744 5.28 410
782 §.77 410
828 6.38 410
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TABLE 33.

(continued)

Upper Temperature

Thermal Strain

(K) (10”3 m/m)
867 6.89
909 7.48
953 8.10
997 .74
1036 9.31
1084 10.05
1122 10.66
1146 11.07
1168 11.46
1188 11.82
1208 12.19
1222 12.49
1238 12.7%
1251 13.09
1261 13.34
1269 12.57

Steel Type

410
410
410

410
410

410
410
410
410
410

410
410
410
410
410
410
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Figure 22. Thermal strains of 403 and 410 stainless steel

referenced to 273.15 K obtained from the average
thermal expaniion coefficients given by Peckner
and Bernstein',
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TABLE 34. 410 STAINHESS STEEL ELASTIC MODULUS ACCORDING TO PECKNER AND

BERNSTEIN
Younqg's Modulus
Temperature
C(K) (107 n/m)
19 220
97 214
491 207
575 199
667 191
752 183
837 175
914 167
992 159
1031 155
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Figure 23. Young's modulus of 410 stainless steel according
to Peckner and Bernsteinl,
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1.1 times the Young's modulus of 316 stainless steel given in Table 5. The
shear moduli for 410 stainless steel and the other ferritic/martensitic
steels should also be approximately 1.1 times the shear moduli in Table 5

and the Poisson's ratio should be similar to that calculated for
316 stainless steel with Equation (1),

The available plastic deformation data are reproduced in Tables 35
and 36. Figure 24 is a plot of the yield strengths versus temperature and
Figure 25 shows the available ultimate strength information from these
tables. The change in yield and ultimate strength with increasing tempera-
ture shown in the figures is characteristic of most metals. The 410 stain-
less steel data also illustrate the great change in yield and ultimate
strength with heat treatment. Unfortunately, the only data for HT-9
steel y do 7t include information about the heat treatment of the alloy
S0 considerable uncertainty must remain about its plastic deformation pro-
perties. Additional uncertainty is introduced by the complete lack of data
on the effect of neutron irradiation.

Since the strength coefficient and strain hardening exponent are not a
strong function of the uniform elongation, it should be possible to use the
technique discussed fer 316 stainless steel to deduce a stress versus strain
correlation for low temperatures (less than 700 k) by assuming that the uni-
form elongation is approximately equal to the total elongation given in
Table 35. valid equations of state for higher temperatures will require
data on the relation between strain rate and stress,

The available data for creep (strain rates less than about 10'6/5)
are given in Tables 37 and 38. These data are not sufficient to construct
models for creep. The three data offered for HT-9 stee] by Paxton et a1,6%
are all at one temperature and fluence so there is no way to determine the
effect of temperature or fluence variations. Also, there are no measure-
ments of strain versus time so that primary and secondary creep can be
modeled. The 403 and 410 stainless steel data from Peckner and Bernstein‘
may be useful to estimate the effect of temperature on thermal creep, but
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TABLE 35. HT-9 PLASTIC DEFORMATION DATA FROM RAWLS £T AL .64

Yield Strength

J1timate Strength

Temperature
") (10% pa) (10° pa)

212 530 759
339 530 749

5 530 735
406 529 725
443 525 709
465 524 701
494 520 690
523 514 680
546 510 672
581 499 657
619 488 644
642 a7/ 633
664 471 626
683 461 612
700 451 597
720 444 580
738 432 557
756 421 533
773 409 508
792 392 483
812 374 448
832 353 414
851 329 379
869 312 352
890 283 314
904 259 283
923 236 256

Elongation

(m/m)

0.265
0.250
0.226
0.214
0.199

0.191
0.185
0.179
0.178
0.179

0.180
0.184
0.188
0.190
0.192

0.199
0.201
0.211
0.218
0.z28

0.238
0.254
0.263

0.278
0.298

0.3]6
0.338
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TABLE 36. 410 STAINLESS]STEEL PLASTIC DEFORMATION PROPERTIES FROM PECKNER
AND BERNSTEIN

Temperature Yield Strength Ultimate Strength

(K) (106 Pa) (106 Pa) Material Condition
294 275.8 517.1 Annealed

294 999.8 1068.7 Heat-treated
477 930.8 1034.3 Heat-treated
589 861.9 999.8 Heat-treated
700 792.9 896.4 Heat-treated
811 655 689.5 Heat-treated
922 275.8 310.3 Heat-treated
1033 .- 124.1 Heat-treated
1144 - 103.4 Heat-treated
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Figure 24, Yield strength of HT-9 steel, annealed 410 stainless steel,

ang heat treated 410 stainless_steel according to Rawls et
al 4 and Peckner and Bernsteinl,
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Ultimate Strength (106 Pa)
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Figure 25. Ultimate strength of HT-9 steel, annealed 410 stainless

steel, and heat treated 410 stainless stgel according
to Rawls et a164 and Peckner and Bernsteinl.
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TABLE 37. HT-9 STEEL CREEP DATA FROM PAXTON ET AL.65

Temperature Neutron Fluence Hoop Strain Diametral Strain

(k) (102 n/m?) (10° pa) (1074 w/m)
818 2 27.5 2.69
818 2 55.7 3.65
818 2 110.2 23.2
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TABLE 38. 403 AND 4]0 STAINLESS STEEL CREEP DATA FROM PECKNER AND

BERNSTEIN
N
Temperature eutrgg Flu;nce stgess Strain Time

K) (10°7 n/m°) (10" pa) (1i/m) (hours) Steel Type

11 0 75.8 0.01 10,000 403

66 0 31 0.01 10,000 403
922 J 13.8 0.01 10,000 403
977 0 9.7 0.01 10,000 403
811 0 79.3 0.01 10,000 410
566 0 29.6 0.01 10,000 410
922 0 13.8 0.01 10,000 410
977 0 10.3 n.01l 10,000 410
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Bernstein. The eneray absorbed is reported to vary from 20 joules for
material tempered near 750 K to 145 joules for annealed 410 stainless steel.

£.3.3 Electrqgggnetic Properties

The magnetic permeability of a 12 Cr-1 Mo sample of steel has been
reported to be 1.0 to 1.6 for a saturated sample64 and 700 to 1000 for
unsaturated samples of 403 and 410 stainless steels at room temperature.‘

Although no data have been found for the electrical resistivity of HT-9
steel, the curve for 410 stainless steel given by Peckner and Bernstein]
should provide a reasonable first estimate. This curve is reproduced in
figure 26 and Table 39. It predicts a resistivity which is only 0.75 that
predicted for 316 stainless steel by Equation (15) at room temperature but
increases to 0.95 of the value from the equation at higher temperatures.

No data for the resistivity of irradiated ferritic/martensitic steels have
been found.

2.3.4 Physical/Chemical Properties

Many of the physical/chemical properties of the ferritic/martensitic
steels are not yet available and must be estimated from similar data. Peck-
iner and Bernstein] report a density of 7700 kq/m3 at 300 K and a melting
range of 1756 to 1805 K for both 403 and 410 stainless steel. The density
is some 300 kg/m3 less than that of 316 stainless steel and the melting
temperatures are about 100 K higher than those of 316 stainless steel.

Although some initial results indicating that hydrogen trapping pro-
blems may be minimal have been claimed,24 no specific data for hydrogen
isotope permeability, diffusion rates, solubility, reflection coefficients,
trapping, molecular recombination rates or sputtering rates have yet been
found. For all of these properties except diffusion rates, the values for
316 stainless steel are recommended as a first approximation.
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TABLE 40, RADIOACTIVITY OF HT-9 STEEL AFTER SHUTDOWN ACCORDING TO
RAWLS FT AL.04

Time After Shutdown

Radioactivity
(s) ~(Ci/kW(th))
0 1.17 x 103
8.64 x 104 =1 day 6.6 x 102
2.63 x 10° = 1 month 5.9 x 102
3.16 x 107 =1 year 4.0 x 102
3.16 x IO]0 = 1 millenium 1.8 x 102
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TABLE 42. THERMA&OCONDUCTKVITY OF SOME GRAPHITES MEASURED BY ENGLE AND

BEAVAN
D
Temperature ens;ty } Thermal Conductivity
(k) (kg/m”) Direction /meK )
295 1780 Axial 63.0
295 1780 Radial 62.4
295 1760 Axial 87.2
295 1760 Radial 94.3
295 1800 Axial 124.2
295 1800 Radial 128.8
673 1780 Axial 53.7
673 1780 Radial 57.2
673 1760 Axial 64.7
673 1760 Radial 67.4
673 1800 Axial 93.2
673 1800 Radial 93.5
1073 1780 Axial 40.8
1073 1780 Radial 43.9
1073 1760 Axial 47.8
1073 1760 Radial 47.2
1073 1780 Axial 65.0
1073 1780 Radial 67.3
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TABLE 45. THERMAL CONDUCTIVITY OF GRAPHITE REPORTED BY FRANCL AND
KINGERY’

Temperature Dens;ty Thermal Conductivity
(K) (kg/m”) Direction (W/meK)
351 1550 Unknown 138
352 1550 Unknown 125
417 1550 Unknown 119
417 1550 Unknown 112
473 1550 Unknown 103
501 1550 Unknown 103
505 1550 Unknown 96
566 1550 Unknown 87
566 1550 Unknown 94
695 1550 Unknown 75
695 1550 Unknown 81
772 1550 Unknown 72
807 1550 Unknown 69
807 1550 Unknown 73
860 1550 Unknown 62
861 1550 Unknown 67
992 1550 Unknown 55
994 1550 UUnk 10wn 62

1071 1550 Unknown 54
1088 1550 Unknown 53

1091 1550 tiInknown 57
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TABLE 46.

(continued)

Temperature
(K) NDirection/Location
336 pParallel to extrusion, at center
353 parallel to extrusion, at center
372 parallel to extrusion, at center
392 parallel to extrusion, at center
416 Parallel to extrusion, at center
435 parallel to extrusion, at center
452 parallel to extrusion, at center
473 parallel to extrusion, at center
513 parallel to extrusion, at center
553 parallel to extrusion, at center
593 parallel to extrusion, at center
63: parallel to extrusion, at center
€73 pParallel to extrusion, at center
713 Parallel to extrusion, at center
753 Parailel to extrusion, at center
793 Parallel to extrusion, at center
833 Parallel to extrusion, at center
873 parallel to extrusion, at center
913 Parallel to extrusion, at center
953 parallel to extrusion, at center
993 parallel to extrusion, at center
1033 parallel to extrusion, at center
1073 parallel! to extrusion, at center
1113 parallel to extrusion, at center
1153 Parallel to extrusion, at center
1193 Parallel to ex“rusion, at center
1233 Parallel to extrusion, at center
1273 parallel to extrusion, at center
1313 Parallel to extrusion, at center
1353 parallel to extrusion, at center
1393 Parallel to extrusion, at center
1433 parallel to extrusion, at center
1473 pParallel to extrusion, at center
1513 parallel to extrusion, at center
1553 pParallel to extrusion, at center
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Thermal Strain
(10™3m/m)

0.24
0.31
0.39
0.44
0.48

0.53
0.57
0.64
0.74
0.86

0.98
1.14
1.29
1.40
1.50



TABLE 46. (continued)

Temperature Thermal Strain
(K) Direction/Location (10'3m/m)
1593 Parallel to extrusicn, at center 4.59
1618 Parallel to extrusion, at center 4,70

292 Perpendicular to extrusion, at 1/2 radius 0.10
303 Perpendicular to extrusion, at 1/2 radius 0.16
314 Perpendicular to extrusion, at 1/2 radius 0.22
332 Perpendicular to extrusion, at 1/2 radius 0.28
352 Perpendicular to extrusion, at 1/2 radius 0.35
374 Perpendicular to extrusion, at 1/2 radius 0.48
393 Perpendicular to extrusion, at 1/2 radius 0.54
412 Perpendicular to extrusion, at 1/2 radius 0.61
436 Perpendicular to extrusion, at 1/2 radius 0.69
473 Perpendicular to extrusion, at 1/2 radius 0.85
493 Perpendicular to extrusion, at 1/2 radius 0.94
513 Perpendicular to extrusion, at 1/2 radius 1.04
553 Perpendicular to extrusion, at 1/2 radius 1.24
593 Perpendicular to extrusion, at 1/2 radiuz 1.41
633 Perpendicular to extrusion, at 1/2 radius 1.65
673 Perpendicular to extrusion, at 1/2 radius 1.86
713 Perpendicular to extrusion, at 1/2 radius 2.05
753 Perpendicular to extrusion, at 1/2 radius 2.23
793 Perpendicular to extrusion, at 1/2 radius 2.45
833 Perpendicular to extrusion, at 1/2 radius 2.65
873 Perpendicular tc extrusion, at 1/2 radius 2.86
913 Perpendicular to extrusion, at 1/2 radius 3.11
953 Perpendicular to extrusion, at 1/2 radius 3.35
993 Perpendicular to extrusion, at 1/2 radius 3.59
1033 Perpendicular to extrusion, at 1/2 radius 3.82
1073 Perpendicular to extrusion, at 1/2 radius 4.07
1113 Perpendicular to extrusion, at 1/2 radius 4.31
1153 Perpendicuiar to extrusion, at 1/2 radius 4.53
1193 Perpendicular to extrusion, at 1/2 radius 4,76
1233 Perpendicular to extrusion, at 1/2 radius 4,97
1273 Perpendicular to extrusion, at 1/2 radius 5.24
1313 Perpendicular to extrusion, at 1/2 radius 5.43
1353 Perpendicular to extrusion, at 1/2 radius 5.62
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TABLE 47.

LINEAR THERMAL E
ENGLE AND BEAVAN

§8ANSION STRAINS OF GRAPHITES REPORTED BY

Temperature Densi;y Therma; Strain
(K) Grade Direction/Location kg/m (10 “m/m)
773 2020 Axial/end 1784+130 1.61
773 2020 Radial/end 17844130 1.57
773 2020 Axial/midlength 17844130 1.63
773 2020 Radial/midlength 1784+130 1.52
773 HLM Axial/end center 1770-1830 1.18
773 HLM Radial/end center 1770-1830 1.37
773 HLM Axial/end midradius 1770-1830 1.20
773 HLM Radial/end midradius 1770-1830 1.37
773 HLM Axial/end edge 1770-1830 1.09
773 HLM Radial/end edge 1770-1830 1.4?2
773 HLM Axial/midlength center 1770-1830 1.21
773 HLM Radial/midlength center 1770-1820 1.30
773 HLM Axial/midlength midradius 1770-1830 1.20
773 HLM Radial/midlength midradius 1770-1830 1.34
773 HLM Axial/midlength edge 1770-1830 1.17
773 HLM Radial/midlength edge 1770-1830 1.36
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Figure 29 illustrates all the available thermal strain data. Not only
is considerable sample-to-sample variation present, but a significant aniso-
tropy is obvious in the figure. The significant efrect of direction sug-
gests that an uncertainty of less than 30% will require characterization of
the graphite's grain structure or data from material produced in a manner
very similar to the graphite being modeled. Fven larger uncertainties are
suggested by hightingale69 but not supported by data.

The only graphite emissivity data found ar~ a value of 0.82 at 773 K
published by Francl and Kingery74 and a recomnended linear increase with
temperature by these authors. The increase sugges*ted can be approximated
in the temperature range 700 K to 1400 K with the relation

e =073+ 1.28x 1070 1 (30)
where

total normal emissivity

™
"

—
n

temperature (K).

Since the triple point of carbon is 100 atmospheres and 4100 K,69 the

69 reports

heats of fusion and vaporization are not needed. Nightingale
that the heat of sublimation is in some doubt because of an uncertainty in
the composition of the vapor. Theoretical calculations predict heats of

sublimation ranging from 5.9112 Jkg solid if the vapor is carbon atoms to

8.104 J/kg solid for C5 vapor.

2.4.2 Mechanical Properties

Most of the carbon mechanical properties that have been located are for
nuclear grade graphites. The available data for elastic moduli, plastic

moduli or creep, failure stress, cyclic fatique, irradiation growth or
swelling, and fracture toughness will be discussed.
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Figure 29. Thermal strains for several graphites.
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The elastic modulus for graphites is difficult to define because the
stress-strain curve is not linear on the first loading.69’7] Typically, the
second loading curve is used to define a siope because it is fairly linear.
Young's moduli defined in this manner by Ford, Hurden, and Niggs7] are shown
in Table 49. The moduli are a function of the sign of the stress as well as
it's direction relative to the grain of the extruded graphites. In addition
to the compression and tension modes shown in the table, a vibrational mode
was used which yielded Young's moduli of 13.0 x 107 Pa in the longitudional
direction and 5.4 x 109 Pa in the transverse direction. These values were
reported to increase gradually with temperature in the range 273 to 1273 K,

producing a 10% increase by 1273 K.

An extensive collection of Young's moduli measurements by Fngle and
Beavan70 is reproduced in Table 50. Unfortunately the measurement temper-
ature was not given in Reference 70. All measurements are therefore assumed

to be at room temperature.

No data for the shear moduli of graphite have been found but a
Poisson's ratio of about 0.4 is suggested by Ford et a.. This value can be
used with Equation (1) to provide a crude estimate for the shear modulus but
the result is suspect since neither Poisson's ratio, the shear modulus, nor
Equation (1) is uniquely defined for an anisotropic material like graphite.

The only other data on graphite elastic moduli that have been found
are a value of 6.2 x 109 Pa in a sample of PGX graphite (direction
unknown)77 and a report that the shear modulus increases by more than

it's zero-fluence value when graphite is irradiated.77

Numerous author568'7]’76

report the tensile and compression strengths
of graphite. Unfortunately, these data are not sufficient to provide the
means of relating stress to deformation that is likely to be needed for
analysis. The method proposed to deduce an equation of state for 316 stain-
less steel from yield strength, ultimate strength, and uniform elongation

fails because the yield strength and uniform elongation are not available
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TABLE 49. YOUNG'S M9QULUS OF GRAPHITE REPORTED AT THE BOURNEMOUTH
M

SYMPOSIU
Temperature Densigy Young'; Modulus
(K) Grade Directions kg/m~ (107 Pa)

300 EY9 Longitudinal/compression 7:3
300 EY9 Transverse/compression 3.8
300 EY9 Longitudinal/tension 12.

300 EYX60 Longitudinal/compression 9.8
300 EYX60 Transverse/compression 6.3
300 EYX66 Longitudinal/compression 8.8
300 EYX66 Transverse/compression 4.3
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TABLE 50, (continued)
Youn?'s
Density Modu lus
Temperature

(k) Grade Directions (kg/m?) (107 pa)
300 PGX Radial/tension 1740 7.2
300 HLM Axial/compression 1772 6.7
300 HLM Axial/tension 1772 7.4
300 HLM Axial/tension 1807 9.3
300 HLM Axial/compression 1774 5.0
300 HLM Axial/tension 1774 7.0
300 HLM Axial/tension 1806 9.2
300 HLM Axial/compressicn 1794 5.)
300 HLM Axial/tension 1784 6.9
300 HLM Axial/tension 1796 8.7
300 HLM Axiali/compression 1794 7.1
300 HLM Axial/tension 1794 7.7
300 HLM Axial/tension 1796 9,2
300 HLM Axial/compression 1798 5.7
300 HLM Axial/tension 1798 8
300 HLM Axial/tension 1807 9.2
300 HLM Axial/compression 1796 5.3
300 HLM Axial/tension 1796 6.5
300 HLM Axial/tension 1817 G0
300 HLM Axial/tension 1802 9.1
300 HLM Axial/tension 1809 9.3
300 HLM Axial/tension 1820 3.2
300 HLM Radtal/compression 1771 5e3
30U HLM Radial/tension 1771 5.8
300 HLM Radial/tension 1808 7.7
300 HLM Radial/compression 1774 5.7
300 HLM Radial/tension 1774 6.2
300 HLM Radial/tension 1806 8.1
300 HLM Radial/compression 1780 5.9
300 HLM Radial/tension 1780 6.6
300 HLM Radial/tension 1797 8.1
300 HLM Radial/compression 1794 5.9
300 HLM Radial/tension 1794 P
300 HLM Radial/tension 1798 7.3
300 HLM Radial/compression 1795 5.8




"ABLE 50.

(cont inued)

Temperature
(K) Grade
300 HLM
303 HLM
300 HLM
300 HILM
300 HLM
300 HLM
300 HLM
300 HLM

Youn?'s
Density Modu lus
Directions (kg/m*) (107 pa)
Radial/tension 1795 6.2
Radial/tension 1809 7.8
Radial/compression 1796 5.9
Radial/tension 1796 6.6
Radial/tension 1817 8.0
Radial/tension 1811 7.6
Radial/tension 1810 8.2
Radial/tension 1822 8.2
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and because the form of the equation of state for metals may well be incor-
rect for graphite, At the present time, the best that can be done is to
assume an equation of state of the form of Fquation (2), and adjust the
strength coefficient and strain hardening exponent until typical stress-
strain diagrams like those of Reference 69 are approximated by the elastic
and plastic equations of state.

Although no data for graphite creep have been found, Nightingale69
has provided a useable summary of creep behavior. He reports that creep in
the temperature range 1473 to 2273 K can be modeled with one equation

s OI%T- ' '—3-&&9-1 exp(ﬂ%@'ﬂ + 3.3 x 107" ¢t exp __Zgoﬂ)l (31)
where

€ = strain at time t (min)

a = applied stress (dynes/cm?)

Mo = elastic modulus at room temperature (dynes/cmz)

MT = elastic modulus at test temperature (dynes/cmz)

t = time (min)

T = temperature (K).

When the applied stress is removed, the transient component of the creep
strain is supposed to be recovered logarithmically but no quantative
expression is given,
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In the temperature range 2273 to 3273 K Nightingale proposes the
following equation to describe graphite steady-state creep:

g . x(g-g)a'a ¢- (32)
where

g% = strain rate (m/m)

o = applied stress (Pa)

% = stress required to produce failure (Pa). (This property

will be discussed below.)
aE = a constant, 25000 for compression and 34000 for tension
K = a constant, 40 for compression and 4 for tension,

Short-term tensile creep in the temperature range 2273 to 2673 K is
not described by Nightingale but part of an expression for 2673 to 3273 K
is presented. The only other source of creep information is a general
discussion by Bokros et a1,’8

The only failure stresses reported as such found for graphites are
those reported by Brown and Brant on page 221 of Reference 71, The value
given by these authors, 21,7 x 106 Pa at room temperature, is similar to
the tensile strength of graphite because the strain at failure of graphite
is exceedingly small, Nightingale69 says on page 149 that the breaking
strain is typically 0.0 to 0.003 in tension and 0.01 to 0.04 in compression.
These small strains are confirmed by Langley et a1.68 and the small fail-
ure strains suggest that the curves for ultimate strength versus temperature
in Nightingale's text may be used as ¢ reasonable estimate of the true
failure stress.
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No data for graphite cyclic fatigue have been found., Since craphite
is not a metal, cyclic fatigue is probably not an important phenomena,

Although irradiation growth and swelling are typically not considered
to be a material property, they are often modeled with a correlation as
though they were a property. The subject will thus be dismissed by
mentioning that some information is available in References 78 through 81,

Unfortunately, no fracture toughness data have been found for graphiie.
This mode of failure is potentialiy important so the lack of data is serious.

2.4.3 Electromagnetic Properties

The electrical resistivity of several nuclear graphites at room temper-
ature are reported by Ford et a1.7‘ and by Shimotomai et al.82 In addition,
Ford presents several high temperature measurements on one graphite. The
available data are reproduced in Table 51, where it can be seen that the
electrical resistivity is highly anisotropic, inversely proportional to the
density and decreases with increasing temperature, The resistivity is sur-
prisingly low for a nonmetal, in fact in some high-density graphites it is

lower than the electrical resistivity of 316 stainless steel,

A little information about the significant increase in resistivity in
irradiated graphites is presented in Figure 3 of Shimotomai et al., Accord-
ing to this figure annealing occurs mostly in the range 1473 to 1773 K and
reduces the room temperature resistivity to one tenth of its irradiated value.

No information on the magnetic properties of graphite has been located.

2.4.4 Physical/Chemical Properties

The physical/chemical properties of qraphite that will be discussed
are density, melting temperature, hydrogen isotope permeability, hydrogen
isotope diffusion rates, hydrogen isotope solubility, hydrogen isotope
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TABLE 51. ELECTRICAL RESISTIVITY OF SEVERAL GRAPHITES

Temperature
—)
293
293
293
293

293

293

Material

highly oriented
pyrolytic graphited

pyrolytic graphite
annealed at 3270 k@

nuclear graphite from
Tokai Carbon Co?

Natural nonocr{stalline
flaky graphite

pyrolytic graphite
as deposited?

EYX9 nuclear graphited
FYX9 nuclear graphited
EYX60 nuclear graph!teb
EYX60 nuclear graphite®
EYX66 nuclear graphtteb
EYX66 nuclear graphited
£Y9 nuclear graphited
Y9 nuclear graphite®
EY9 nuclear graphited
£Y9 nuclear gratheb
EY9 nuclear graphitcb
EY9 nuclear qraphlt!b
FY9 nuclear graphitel
£Y9 nuclear graphited

EY9 nuclear graphit!b

Density
(kg(naz

2.260
2.250
1700

2260

1790
1660-1770
1660-1770
16601770
1660-1770
1660. ¢ 70
1660-1770
1660-1770
1660-1770
1660-1770

Direction

“a-axis"

“a-axis"

"a-axis"®

“a-axis"

"a-axis*

longitudinal
transverse
longitudinal
trarsverse
longitudinal
transverse
longitudinal
transverse
Tongitudinal
transverse
Tongitudinal
transverse
Tongitudina)
transverse

longitudinal

Resistivity
(107 Tom-q)

4.0-4.2

8.0

95




TABLE 51. (continued)

Temperature

oy L Material
1473 FY9 nuclear qraphlleh
1673 £Y9 nuclear graphite®
1673 £Y9 nuclear graphited

a, From Ford et al.7?

b. From Shimotoriin et a).®3

Density
(kg/m’)
1660. 1770

16601770

1660-1770

Direction

transverse
longitudinal

transverse

Resistivity

(10’70lm-m)

242
127
238
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reflection coefficients, hydrogen isotope trapping coefficients, hydrogen

isotope molecular recombination rates, isotope sputtering yields, oxidation
rates and activation product decay times.

Nightingale69 provides a useful summary of most of the physical pro-
perties of graphites. He reports that the theoretical density of graphite
15 2260 kg/m". The lowest densities found are for activated carbon
(1460 kg/m3) and sugar carbon (1500 kg/m3) while densities approaching
theoretical densities are possible in petroleum cokes and natural araphite,

The melting point of graphite, 4000 K, is somewhat academic since a
pressure of 100 atmospheres is required for the existence of the liquid
HO
phase.

Hydrogen isotope permeability and solubility do not follow a (pressure
difference)o'5 rolation in graphite like they do in the previously discus-
sed metals. Presumably, this is because the hydrogen concentration across
a graphite barrier is not caused by solubility differences. The appropriate
relation, according to J. L. Jackson in Section 6-9 of Reference 69, is

5P L (33)
where

A = cross-sectional area of the barrier (mz)

n = number of hydrogen molecules

v = gas volume (m3)

K = a permeability coefficient (l/m?)

L = length of the graphite barrier in the direction of flow (m).
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(For an ideal gas, n/v is proportional to the pressure, not the square root
of the pressure.) The permeability coefficient is proportional to the mean
pressure of the gas in the graphite and inversely proportional to the vis-
cosity of the gas (Darcy's law) as long as the diameters of pores in the
body are less than or equal to the mean free paths of the gas molecules.
Permeabilities of several graphites from Table .22 of Reference 69 are
reproduced in Table 52.

Although an informative treatment of the self-diffusion in qraphite is
available beginning on page 127 of Reference 69, no direct treatment of
hydrogen in graphite has been found. The best approach that the author can
suggest at present would Le to use the ideal gas law to determine a concen-
tration difference at the ‘wo surfaces of graphite; then employing this
result with Fquation (33) to deduce an expression for the volume diffusion

rate of hydrogen in graphite,

An important difference between the usual laboratery measurement of
hydrogen permeation in graphite, which 1s driven by pressure differences,
and the fusion-reactor situation is that the fusion reactor hydrogen
isotope concentration gradient is established by plasma particles striking
the surface, not steady state pressure. Thus hydrogen isotope reflection
coefficients and trapping coefficients data are needed. Although several

83-85 and heliumR6 isotope

authors have begun to investigate hydrogen
release from graphites, the needed data have not yet been published in
usable form. The most useful results are the calculated results presented
in Figure 5 of Reference 37 and the data of Hucks, Flaskamp and VietzkeRS
which show that the fraction of hyperthermal (2700 K) hydrogen ions
retained by pyrolytic graphite varies from 0.04 at a fluence of 10]9/m?
to 0.0024 at 10?3/m2. The trapping efficiency is reported to rise with

temperatures up to 700 K and then decrease drastically.

Surface sputtering yield data for several incident hydrogen isotopes
have been reported by Das, Kaminsky, and Tishler,87 Behrisch et al.49
and Roth et al.88 An excellent summary of these and other data is
available in Reference 37 which points out that more low energy data are

needed. The available data are reproduced in Table 53,
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TABLE 52. PERMEABILITIES OF SEVERAL GRAPHITES ACCORDING TO JACKSONG?

Permezhility

Material (|/m2)
British Pile Grade A 2 x 1016 to0 3 x 10-15
National Carbon Grade AVF 4 x 10-15
Pyrolytic graphite 2.7 x 10-14
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TABLE 53, GRAPHITE SPUTTERING YIELD MEASUREMENTS #

Particle
Hydrogen Target E"f;g’ Bulk Surface Surface Sputtering
Isotope Material (10" ")) Temperature Temperature QOrientation Reference Yield
) AT graphite 64 305 305 to 473 - Das et 2187 (3.5¢0.3)x10"3
. M ATJ graphite 9% 323 323 to 473 - Das et 2187 (5.5+0.4)x10°3
W3 ATJ graphite 192 368 533 »e Das et 2187 (3.520.1)x102
k H§ pyrolytic graphite 12 - - - Behriesh et a1%? (1.520.3)x|0‘2
[ .‘45 pyrolytic graphite 4.8 - .- - Benriesh et a1%? 2.4 x10°2
; Hh pyrolytic graphite 4.8 - - &= Behriesh et al%9 2.6 x10-3
': HY pyrolytic graphite 3.2 .- - -- Benriesh et al‘9’ 4.8 x10-3
i i pyrolytic graphite 1.6 . -- -- -- Benriesh et 3189 2.3 x10-3
H3 phrolytic graphite 2.0 - ye i Behriesh et 2149 4 x10-3
’ L) glassy carbon 4.8 - - - Behriesh et al*% 1.4 x10-2
| ' i graphite fibers 4.8 -- - - genriesh et al%% .6 x10°2
z He pyrolytic graphite 9.6 -- - - gehriesh et a14? 1.8 x10°!
| 5 H3 pyrolytic graphite 12 P e edge Roth et a188 (1.5%0.3)x10-2
t W5 pyrolytic graphite 4.8 - - edge Roth et a158 (1.740.7)x10-2
5 H3 pyrolytic grphite 4.8 . - basal Roth et a188 1.2 x10-2
g Hi pyrolytic graphite 4.8 wn e basal Roth et al®8 1.53 x10-2
f Ha pyrolytic graphite 9.6 e - basal Roth et 2188 9.1 x10-2
’[ h} pyrolytic graphite 4.8 - - edge Roth et 2188 2.6 x10-3
i i pyrolyt:c graphite 3.2 .- -- edqe Roth et a1%8 '1.91().5):]0'3
| w4 pyrolytic graphite 2.7 = ol edge Roth et a1%8 4. x10°3
H§ pyrolytic graphite 3.7 - - edge Roth et 2138 2.3 x10°3
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The data for graphite oxidation that have been found are extremely
{5 71 - -
11m1ted.3 Fordzet al. ~ ;eport weight losses of 20 x 10 3. 75 x 10 3 and
80 x 10 © kg/m" surface at 873 K for three different graphites in air. No

data on the rates at other temperatures or in low partial pressures of
Oxygen have been found.

Although radioactivity from activation products is a significant con-
cern for reactor safety, no data have been found on the radioactivity of
typical graphites as a function of time after shutdown. Since the radio-
activity can be affected by impurities and since these vary significantly
from lot-to-lot, considerable variation must be expected. A scoping experi-
mental measurenent would be a useful project.

2.5 Silicon Carbide

Silicon carbide is the prime candidate ceramic for use as a first-wall
structure, limiter or armor.24 Two signficant summaries of basic silicon
carbide properties have been published,gg’go but many of the specialized
properties required for fusion reactor analysis are not available. Also,
the data which describe the effect of radiation on the properties are very
limited.

2.5.1 Thermal Properties

Although some data are available for silicon carbide specific heat
capacity, enthalpy, thermal conductivity, thers-1 expansion, emissivity,
and heat of fusion, most of the original references are difficult to obtain,

Goldsmith et al. recommendgo the silicon carbide specific heat capa-
city values reproduced in Figure 30. The curve is based on data from four
references which are not reproduced because the original sources are not yet
available. Table 54 is a series of points that were used to generate the
curve shown in Figure 30. The specific heat capacity of SiC is higher than
that of metals but lower than the specific heat capacity of carbon because
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TABLE 54. SPECIFIC MEAT CU%SE FOR SiC RECOMMENDFD BY
GOLDSMITH ET AL.

T mperature Specific Heat Capacity
!K! (J/kg'K)
84 9]
128 211
182 377
238 528
279 640
321 738
368 843
382 871
409 919
438 956
467 982
511 1016
544 1032
584 1052
630 1072
686 1089
797 1122
930 1160
1096 1211
1284 1267
1532 1336
1736 139A
1911 1447
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the mulecular weight of the compouna is intermediate. Most of the data pre-
sented by Goldsmith are very close (within #0.1 of the given value) to the
curve he presents so that considerable confidence in the curve is justified.

The thermal conductivity of silicon carbide varies much more from
sample to sample than the specific heat capacity does. Numerous sources of

s and in Lynch.90 The princi-

data® are mentioned in Goldsmith et al.
pal conclusion from these data is that the sample-to-sample variations are
large at lower temperatures (less than 1500 K). Since the material is a
semi-conductor, the classical phonon theory should apply and the low temper-
ature scatter should disappear at higher temperatures where impurities and
density variations are not so important., Representative data from several
sourcesgl'93 are shown in Table 55, Tr2 reciprocal temperature dependence
of phonon conductivity and reduction in the low temperature conductivity
with radiation damage are evident. Additional measurements of thermal

diffusivity are available from Lee et al.94

Table 56 and Figure 31 display those silicon carbide thermal strain

data for which the first reference has been found. The data of Fulkerson55
were decreased by 0.1 x 10 3 m/m to account for the fact that his reference
temperature was 273 K instead of 298 K and additional data are referenced in
both Goldsmith et al.89 and Lynch.90
Table 56 and Figure 31 is that the four samples do not show the large

sample-to-sample scattering that was evident in thermal conductivity. It

The principal feature of the data in

is also interesting to note that the thermal strains are similar to the
thermal strains found with graphite and about half the thermal strains of

vanaa., *. and 316 stainless steel.

No first-hand data for the emissivity of silicon carbide are available
but Goldsmith et al.gg
reference showing a total emissivity which varies between 0.81 and 0.85 in

have published results from an unavailable

the temperature range 0 to 1800 K.

a. These data have not been reproduced because the original references
have not been found.

151




TABLE 55. SILICON CARBIDE THERMAL CONDUCTIVITY MEASUREMENTS

Fast Neutron
. Thermal
ensit
Temperature Dens 3y Fluenge Conductivity
(K) (kg/m”) (n/m") (W/mek ) Reference

343 2800 0 205 Weeks aa?
Seifert

293 63 price’’
50 Price??

19 Priced?

8 Priced?

10 priced?

Priced?

priced?

Price??

Price9?

Price9?

0.783 theorctical Vasilos ?nd
Kingery9

0.783 theoretical . Vasilos and
Kingery?3

0.783 theoretical o Vasilos and
Kingery?3

0.783 theoretical 5 vasilos Snd
Kingery9

0.783 theoretical : vVasilos Snd
Kinger_y9

0.783 theoretical ; vasilos gnd
Kingery?




TABLE 55. (continued)
Fast Neutron
Thermal
Temperature Density Fluence Conductivity
(k) (kg/m) (n/mf) (W/meK) Reference
884 0.783 theoretical 0 24.0 vasilos gnd
Kingeryg
969 0.783 theoretical 0 22.8 Vasilos Snd
Kingery9
1070 0.783 theoretical 0 19.8 vasilos Qnd
Kingeryg-
1173 0.783 theoretical 0 18.1 Vasilos 3nd
Kingery9




TABLE 56.

SILICON CARBIDE THERMAL EXPANSION MEASUREMENTS

Thermal Strain

Temperature (10 ’ m/m) Sample Reference

473 0.70 -- Fulkerson

673 1.62 -- Fulkerson’

873 2.55 o Fulkerson’®

1073 3.60 ve Fulkerson’®

1273 4.61 as Fulkerson’®

1473 5.47 .- Fulkerson’®

1593 £.85 .- Fulkerson

573 1.05 recrystallized Whittemore and Ault95
(heating element)

873 2.47 recrystallized Whittemore and Ault95
(heating element)

1173 3.94 recrystallized Whittemore and Ault95
(heating element)

1473 5.64 recrystallized Whittemore and Ault?®

v (heating element)

1773 7.67 recrystallized whittemore and Ault9%
(heating element)

573 0.99 ¢ lay-bonded Whittemore and Aultd®

873 2.70 clay-bonded Whittemore and Ault?®

1173 4.29 ¢ lay-bonded Whittemore and Ault9>

1473 5.99 ¢ lay-bonded Whittemors and Ault95

1773 8.26 ¢ lay-bonded Whittemore and Ault?®

573 1.38 bonded glazed brick Whittemore and Ault??

873 2.93 bon* . glazed brick Whittemore and Ault?>

1173 4.55 ponded glazed brick Whittemore and Ault?®

1473 6.46 bonded glazed brick Whittemore and Aultgg

1773 8.56 bonded glazed brick Whittemore and Ault"
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The heats of fusion and vaporization of silicon carbide are not needed
because the compound decomposes near 2970 K.,

2.5.2 Mechanical Properties

The only first-reference mechanical property data that have been found
are some measurements by Price9 of the change in Young's modulus and the
modulus of rupture with neutron irradiation and some bend test data reported
by General Atomic Company.97 Unfortunately, Price reports only the ratios
of the moduli in the irradiated state to those in the unirradiated state so
his data are not yet useful, General Atomic reports average moduli of rup-
ture of 2.3602 x 10°, 2.5472 x 10°, and 2.6700 x 10° Pa for four-point
bend test losding rates of 5.1 x 10%, 5.12 x 10°, and 5.12 x 10° pass
(Table 3-2 of Reference 98). The tests were conducted at 295 K in air,

Data from references this author is unable to obtain are available in
Lynch.go He reports measured moduli of elasticity of 2.1 x 10]], 4.1 x 10]],
4.8 x 10]‘ and 4.8 «x !0‘1 Pa; Poissor's ratios of 0.19 and 0.24; compressive
strengths of 1.4 x 10° and 1.4 x 10° 4

to 1.4 x 108 Pa at room temperature,

Pa; and tensile strengths of 3.4 x 10

2.5.3 Electromagnetic Properties

Chiochetti and Henryloo

have reported values of resistivity for a
silicon carbide refractory brick with an apparent porosity of 0.12, Their
data are reproduced in Table 57 and plotted on semi-logarithmic axis in
Figure 32. The data are remarkable because they do not define a straight
line on the cimi-log plot. Another feature of the available silicon carbide
electrical resistivity data is the very low resistivities obtained in
measurements on single crystals of carbide at low (80 to 340 k) tempera-
ture—s.89 The low temperature data which show resistivities three orders

of magnitude smaller than those of Figure 32 are not reproduced because the

original reference was not available.
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TABLE 57. SILICON CQ%BIDE RESISTIVITY MEASURED BY CHIOCHETT!
AND HENRY
Temperature Resistivity
(K! _ngmz
923 872
1002 563
1089 358
1237 172
1407 74
1496 45
1685 16
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Stlicon Carbide Resistivity (ohmem)
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Figure 32, Resistivity of a silicon carbide sample according to

Chiochetti and Henry100,



2.5.4 Physical/Chemical Properties

The silicon carbide properties that will be discussed are the decompo-
sition temperature, density, hydrogen isotope permeability, hydrogen isotope
diffusion rates, hydrogen isotope solubility, hydrogen isotope reflection
coefficients, hydrogen isotope trapping coefficient data, hydrogen isotope
sputtering yields, corrosion rates and activation product decay times.

89
Goldsmith  reports a decomposition temperature of 2970 K for silicon
carbide. This is lower than the melting temperature of the solid. The
theoretical density of alpha phase silicon carbide 1s reported by Lyncn90

to be 3218 kg/m3, presumably at room temperature.

The only source of data on the permeability, diffusion rates and
solubility of h{g;ogen isotopes in silicon carbide that has been found is
Verchese et al. Infortunately, their permeability data were changed
from the values measured at 5 x IO3 to 18 x 103 Pa to calculated values
at 1.013 x 105 Pa assuming a square-root pressure dependence, Since the
published permeabilities are therefore not measurements, they are not
reproduced., The reader is advised to use the best fit correlation for
permeability recommended by Verghese et al, until a data base is

available. The their expression is

K = .‘2.787 £ 10 pipd gox0 (10)
! oo

where
K = the permeability of silicon carbide (H atoms - cm'] -

sec'] . (103 Pa)'o‘s)

T = temperature (X).
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Table 58 and Figure 33 illustrate the hydrogen diffusion coefficients
in silicon carbide measured by Verghese et al. The coefficients are about
two orders of magnitude lower than those for 316 stainless steel. However,
the rather limited temperature range of the data and the fact that there is
only one experiment suggests caution should be used in applying the data.

Table 59 and Figure 34 illustrate the limited solubility data for
hydrogen in silicon carbide. Based on these data, Verghese et al, suggest
that the solubility increases with decreasing temperature. This conclusion
is too dependent on the single datum at 1424 K to be trusted very far.

Unfortunately, no data for hydrogen isotope reflection coefficients or
trapping coefficients are available.

Surface sputtering yield data for several light isotopes are available

in the literature’”»58:102

and are reproduced in Table 60. The yields are
in the typical range of IO.3 to 10.2 atoms released per incident ion and
are rather strongly dependent on the angle of incidence of the ion. Mohri
et al. 02 find the yields at a 45-degree angle of incidence to be nearly

an order of magnitude greater than those at a 90-degree angle of incidence.

Table 61 and Figure 35 are reproductions of the estimates of the
radioactivity of typical silicon carbide samples published by Crocker and
Holland.ss The very rapid decrease of radioactivity with time for
silicon carbide compared to most other first wall construction materials
makes this material an attractive candidate for fusion reactors.

2.6 G-10 Insulation

Type G-10 insulation is a glass cloth reinforced epoxy insulation for
superconducting magnets. The material is 0.007 mm diameter glass fibers
woven on a conventional loom by interlacing warp (length) threads {16.9 +
0.8/cm) and fill {width) threads (12.6 + 0.8/cm).103 The epoxy weight
fraction is 0.32 to 0.36. The most obvious result of this woven construc-
tion is an isotopic materials properties.
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TABLE 58. DIFFUSION COEFFICIENTS FOR H‘BﬁOGEN IN SILICON CARBIDE
ACCORDING TO VERGHESE ET AL.

Diffusion Coefficient

Temperature

. K (m?/s)
1473 7.686 x .0'}}

; 1574 7.686 » 10~
1598 1.032 x 100
1622 3.183 x 1010
1648 9.689 x 10’}0
1675 9.974 x 10-10
1699 1.524 x 10-2
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Diffusion coefficient (mz/s)
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Figure 33, Hydrogen diffusion coefficients in silicon carbide

measured by Verghese et allOl,
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TABLE 59. SOLUBILITY OF H‘BQOGEN IN SILICON CARBIDE ACCULRDING TO
VERGHESE ET AL.

Temperature Solubility a

(K) (1024 H atoms/m”)
1424 5.93
1524 4,27
1573 3.56
1574 2.36
1623 4.66
1678 3.91
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solubility (102%M atoms/m3)
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Figure 34, Hydrogen sclubility ir silicon cariide measured by Verghese

et al.lM
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Table 60

TABLE 60. SPUTTERING YIELDS FROM SILICON CARBIDE SURFACES

particle
Hydrogen Target E"f'{g’ Yemperature Sputiering
1sctope vaterial (100" ") (k) Reference yield
u3 $iC 12 o Behrisch et al8% (720.9) x 107"
u sic 8 “ gehrisch et 21,49 9 x 10-3
i dense SiC 12 293 Roth et a).B8 (720.9) x 10-3
13 dense SiC 8 293 roth et al,88 9 x 10-3
" porous €iC : 1.6 293 0th et 21,88 (1.540.2)x10-2
H3 porous SiC 1.6 808 Roth et a1.88 2.1 x w2
WY porous SiC 1.5 883 Roth et a1.88 1.93 x 10°2
Hi SiC (90° incident) 16. 300 Mohri et al.'0? 5.67 x 1073
u} SiC (90° incident) 16. 326 Mohri et al,'0? 6.27 x 1073
My SiC (90° incident) 16. 457 Mohri et al, 102 5.65 x 10-3
Hy SiC (90% incident) i6. 652 Monri et al, 102 7.42 x 10-3
i $iC (90° incident) 16. 722 Mohri et al, 102 5.36 x 10-3
MY SiC (90° incident) 16. 822 Mohri et al, 102 6.76 x 10-3
ui SiC (90° incident) 16. 1024 Mohri et al, 02 4.79 x 10-3
wi SiC (90° incident) 16. 1073 Mohri et al,l0? 7.10 x 10-3
ui SiC (90° incident) 16. 1275 Mohri et a1.1%7 4.86 x 103
ui SiC (90° incident) 16, 1374 Mohri et al,10? 4.49 x 10°3
Hi SIC (45° incident) 16. 296 Mohri et a1, 102 2.62 x 102
Hy SiC (45° incident) 16. 301 Mohri et al.102 1.80 x 10-2
Kl SiC (45° incident) 16. 560 woirr et a1,102 3.58 x 1072
Ht SiC (45° incident) 16. 678 Mohry et al,l0? 2.91 x 19°2
ul SiC (45° incident) 16. 853 nonri et a1,102 5,56 x 10-2
ui SiC (45° incident) 16. 962 vohri et al, 02 5,06 x10°¢
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Table 60 (continued)

TABLE 60. (continued)

PEa'r"t ric le
oo Nt 13 ey TR Mot ion
Hy SiC (45° incident) 16. 1095 Mohri et a1.102 6.85 x 10°2
Wi SiC (45° incident) 16. 1260 Mohri et a1, 102 5.15 x 10-2
et SiC (90° incident) 16. 299 Mohri et al,102 2.85 x 10-2
ne' SiC (90° incident) 16. 313 Mohri et al,102 2.24 x 10-2
He' SiC (90° incident) 16. 663 Mohri et al,102 2.82 x 10-2
we* SiC (90° incident) 16. a6 Mohri et a1,102 4.69 x 102
He' SiC (90° incident) 16. 1221 mohri et a1,102 4,15 x 1077
He* SiC (90° incident) 16. 1278 Mohri et a1,102 4.48 x 10-2
He* SiC (90° incident) 16. 1377 Mohri et al,102 7.07 x 10-2
art SiC (90° incident) 16. 299 Mohri et al, 102 3.19 x 10-!
Art $iC (90° incident) 16. 958 Mohri et a1,'02 4.26 x 10°"
Art SiC (90° incident) 16. 1036 Mohri et al, 102 4.44 x 107!
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Radioactivity [Ci/KW(th)]

10 T

to Crocker and Holland,55
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Figure 35, Kadioactivity of silicon carbide after shutdown according



TABLE 61. RADIOACTIVITY OF SlLlcgg CARBIDE AFTER SHUTDOWN ACCORDING
TO CROCKER AND HOLLAND
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2.6.1 Thermal Properties

The only thermal property for which usable data have been found is the
thermal conductivity. Data for specific heat capacity, thermal expansion
and emissivity may be available in a handbook by Fickett, Reed and
Dalderloa but the author has been unable to locate a copy.

Table 62 is a reproduction of the thermal conductivity of several G-10
insulation samples measured by Hust..]05 Most of the data are reproduced
in Figure 36, which shows that the conductivity normal to the threads is
significantly lower than the conductivity in the warp direction. A probable
trend for conductivity to increase with increasing density of the various
samples is also shown by the data. Hust published additional thermal con-
ductivity data from a piece of the 6-10C4 sample that had been strained.
The data indicate that the effects of small strains on thermal conductivity
is not large.

2.6.2 Mechanical Properties

Some data on the mechanical properties of G-10 insulation are avail-
able, but they are far from complete. Like all other properties for this
material, they are a function of direction.

Schramm and Kasenm6 and Ledbetter]07 have reported the limited
elastic moduli data shown in Tables 63 and 64. The data of Schramm and
Kasen are static moduli while those of Ledbetter are dynamic moduli but
they differ very little. A noticable variation with direction in the
warp-fill plane is present and a large change with the angle to this plane
is indicated. In addition, Ledbetter concludes that the classical expres-
sions for the effect of texture in homogeneous material can be applied to
composites like G-10 insulation. Unfortunately, neither Schramm and Kasen
nor Ledbetter reports the density of the samples they measured.,
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TABLE "2,

THERMAL‘BQNDUCTIVITY OF G-10 INSULATION SAMPLES ACCORDING

TO HUST
Temperature Den51§y Conductivity
(K) (kg/m”) Direction (W/meK) Sample Number
{9 ] 1904 normal to threads 0.0253 G-10C1
2.52 1904 normal to threads 0.0340 G-10C1
3.02 1904 normal to threads 0.0429 G-10C1
3.99 1904 normal to threaas 0.0438 6-10C1
5.99 1904 normal to threads 0.0803 c-10C1
7.95 1904 normal to threads 0.0816 G-10C1
9.85 1904 normal to threads 0.108 G-10C1
14.9 1904 normal to threads 0.135 G-10C!
19.7 1904 normal to threads 0.150 G-10C1
29.9 1904 normal to threads 0.185 G-10C1
39.6 1904 normal to threads 0.214 G-10C1
59.8 1904 normal to threads 0.266 G-10C1
79.3 1904 normal to threads 0.312 6G-10C1
98.6 1904 normal to threads 0.345 6-10C1
147. 1904 normal to threads 0.401 G-10C1
199, 1904 normal to threads 0.456 G-10C1
246. 1904 normal to threads 0.497 G-10C1
292. 1904 normal to threads 0.521 G-10C1
2.09 1904 Warp 0.0364 G-10C1
2.49 1904 Warp 0.0458 G-10C1
3.01 1904 Warp 0.0562 G-10C)
3.98 1904 Warp 0.0745 G-10C1
5.93 1904 Warp 0.102 6-10C1
7.92 1904 Warp 0.121 G-10C1
9.83 1904 Warp 0.137 6-10C1
14.9 1904 Warp 0.169 G-10C1
19,9 1904 Warp 0.194 G-10C1
29.8 1904 Warp 0,235 G-10C1
39.6 1904 Warp 0.281 G-10C1
59.5 1904 Warp 0.354 G-10C1
79.0 1904 Warp 0.429 G-10C1
98.4 1904 Warp 0.483 G-10C1
147 1904 Warp 0.605 G-10C}
196 1904 Warp 0.691 G-10C1
246 1904 Warp 0.767 G-10C!
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TABLF 62. (continued)

Density

Temperature 3 Conductivity
(K) (kg/m”) Direction (W/meK ) Sample Number
293 1904 Warp 0.815 G-10C1
277 1741 normal to threads 0.417 G-10C3
75.0 1825 Warp 0.347 G-10C4
272. 1825 Warp 0.619 G-10C4
4.09 1720 Warp 0.0557 G-10C7
4.97 1720 Warp 0.0717 G-10C7
6.89 1720 Warp 0.0926 6G-10C7
8.96 1720 Warp 0.105 G-10C7
13.9 1720 Warp 0.133 G-10C7
17.8 1720 Warp 0.147 6G-10C7
24.8 1720 warp 0.164 G-10C7
34.6 1720 Warp 0.193 G-10C7
49.9 1720 Warp 0.231 6-10C7
69.6 1720 Warp 0.276 G-10C7
€8.6 1720 Warp 0.325 6-10C7
118 1720 Warp 0.380 G-10C7
166 1720 Warp 0.462 G-10C7
217 1720 Warp 0.520 G-10C7

293 1720 Warp 0.581 G-10C7
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TABLE 63. ELASTIC MODULI OF G210 INSULATION SAMPLES ACCORDING TO
SCHRAMM AND KASEN 106

Temperature Dens1§y Young ; Modulus Paisson's Sample

. (K) (kg/m’) Direction (107 Pa) Ratio No.
76 -- Warp 32.9 0.195 C

4 76 -- Warp 29.8 0.147 C
295 - Warp 26.3 0.146 C

295 -- Warp 25.7 0.134 C

76 -- Warp 32.5 0.218 D

76 -- Warp 30.0 0.215 D

295 -- Warp 23.0 0.174 D

295 -- Warp 23.4 0.151 D
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TABLE 64.

ELASTIC Hqgng OF G-10 INSULATION SAMPLES ACCORDING TO
R

LEDBETTE

Temperature
K

295
295

295
295

295

295

295
295

Density

(kg/m’)

Direction

War

filq

normal

fill-warp plane 15°
fill-warp plane 30°

fill-warp plane 45°
fill-warp plane 60°
fill-warp plane 75°

from fill
from fill

from fill
from fill
from fill

Young's Modulus
(102 pa)

29.4
26.3
14.0
22.7
18.6

1.0
1.0

-
>

7.
9.
a

IS IR —
N O
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The available plastic deformation data are usable for general quidance
but not sufficient to define the equation of state that is needed for mode i-
ing deformation. Table 65 is a summary of the tensile strengths, compres-
sive strengths and strains to failure for G-10 samples at liquid nitrogen

and room temperatures reported by Schramm and Kasen.106 Two other sources
of data have been found. Fickett, Reed and Dalderm4 report normal
6

direction compressive strengths of 744 + 85 x 107, 692 + 35 x 106,

and 411 + 35 x 10° Pa at 7.6, 76 and 292 K. (The 7.6 K and 292 K are
probably mis-plotted representations of 4.2 K and 295 K, the temperatures
of liquid helium and typical rooms.) Kernohan, Long and Coltman108

report compressive strengths of 602 and 837 x 106 Pa at 77 K for
unirradiated material. Unfortunately, they did not publish orientation
information. Corpanion samples which had been irradiated at liquid helium
temperatures to a total gamma dose of 2 x 109
strengths of only 225 and 237 x 10°

rad showed compressive
Pa at 77 K.

Figure 37 is a plot of the compressive strength data. The outstanding
feature shown by the plot is the factor or 0.7 decrease in compressive
strength of the irradiated G-10 sample.

Since no data are available to define an equation of state for G-10
deformation, models will have to be crude estimates obtained from a power
law fi to either tensile or compressive strengths which are assumed to
occu~ near the failure strains given in Table 65. The tensile and
compressive strengths would thus be an estimated failure stress too.

The only cyclic fatigue data that have been found are some peak stress
versus number of cycles results together with an indication of whether or
not the sample failed which have been reported by Erez and Becker.]09
Since these data do not help define the constants in the crack propagation

equation, Equation (9), the data are not very useful.

No data about irradiation growth, swelling or fracture toughness of
G-10 insulation have been found.
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TABLE 65. G-10 PLASTIC DEFORMATION DATA FROM SCHRAMM AND KASEN106

. Tensile Compressive St:gin

Temperature Den51§y Strgngth Streggth Failure Sample

(K) (kg/m”) Direction (10 Pa) (107 pa) (m/m) Number
76 - Warp 763 733 0.0240 C
76 -- Warp 721 665 0.0284 C
295 -- Warp 410 342 0.0177 C
295 -- Warp 394 337 0.0247 C
76 -- Warp 877 698 0.0331 D
76 -- Warp 839 794 N0.0291 n
295 -- Warp 454 395 0.0179 D
295 -- Warp 477 360 0.0256 D
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2.6.3 Electromagnetic Properties

The electrical resistivity of 6-10 insulation has heern reported by
Kernohan et 31.108 to be 7 x 10 ohmem at room temperature for both
irradiated and unirradiated samples. These authors also report a break-down
field of 22 x 106 V/m for both irradiated and unirradiated samples.



3. MATERIALS PROPERTIES PACKAGE DESIGN

This section discusses how the data reviewed in Secticn 2 might be
collected into a package that can be used to support fusion reactor
analysis. FExperience with Light Water Reactor safety analysis has shown
that many but not all users of such a package will be employing computer
programs which should be able to rely on a standard set of subprograms to
describe the materials employed. This experience has also shown that a
materials properties package should be structured so that it can act as a
convenient collecting site for new data (i.e., the package should be desig-
ned for easy change as new alloys are developed) and that it should have
sufficient documentation to make it a target for knowledgeable criticism.

The package design presented in this section is a computer library
consisting of separate subroutines or functions and detailed mode
descriptions consisting of a separate appendix for each material and a
separate section for each property. Both documentation and computer
programs can thus be changed property-by-property as the need arises.

Each section of each appendix of the documentation needs to have a
summary, a review of literature and data, a description of the model
development and a computer subcode listing with plots of the output
generated by the listing. Appendix A of this report is an example of the
documentation for one property of one material, hydrogen diffusion
coefficients in 316 stainless steels.

The summary contains the main equations or tables of values used to
describe the property, a description of the key parameters and an estimate
of the model's uncertainty. The summary thus serves a purpose similar to
materials prcperties handbooks 1ike References 1 through 7. [t provides a
quick reference for users who simply want a value for the property,

The review of literature and data contains not only all references but

a critical review and comparison of these references in order to determine
which sources are appropriate to use for fusion reactors and which are
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not. This section provides confidence in the data used to generate

e€quations presented in the summary, allows constructive criticism of the
model, and makes subsequent improvement of the model much easier.

The mode! development subsection tells what was done with the data to
arrive at the equations in the summary. The section invites knowledgeable
criticism of the model, promotes confidence in the model, and justifies the
uncertainty limits assigned to the model.

The computer subcode listing section provides a standard listing of
the coding that is recommended to incorporate the equations in the
summary. This avoids unnecessary duplication of coding effort by difrerent
users and provides completely consistent materials descriptions to support
complex computer analysis. A computer generated plot confirms the accuracy
of the coding and provides the user with a pictorial representation of the
values calculated with the equations in the summary,

Comparison of the example materials properties documentation section
in Appendix A with the discussion of hydrogen diffusion coefficients in
Section 2.1.4 ieads to an important recommencdation, The time spent finding
references for diffusion in vanadium, graphite, and silicon carbide yielded
references for diffusion in stainless steels which were not known when
Section 2.1.4 was written, This slow but steady accumulation and
improvement in knowledge of available literature has been noticeable during
the development of Light Water Reactor materials properties and strongly
suggests that a small, long-term effort would be more beneficial than a
short, high intensity effort to develop materials properties packages for
fusion reactors.

The author is certain that starting this effort now, even at a low
level will save a lot of needless duplication and confusion in fusion
reactor analysis computer codes later. In fact, development of a fusion
reactors materials property package should have already bequn because
several computer programs which should be using such a package are already

under development without the package.do’lln’]]]
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APPENDIX A
EXAMPLE MATERIAL PROPERTY COMPUTER SUBCODE .
HYDROGEN I1SOTOPES DIFFUSION COEFFICIENTS IN 316 STAINLESS STEEL (SDIF)

The rate of diffusior of hydrogen isotope: in 316 stainless steel is
important to tritium inventory calculations fur fusion reactors. The SDIF
subroutine calculates the diffusion coefficients for the concentration-
driven migration of hydrogen, deuterium and tritium in the usual transport.
equation (Fick's law)

J=0 vC (A-1)
where

J = hydrogen isotope flux (isotope atoms/m’ 5)

D = diffusion coefficient (m?/s)

W = gradient of the hydrogen isotope concentratior [ isotope

atoms/m%) .

A.l1 Summary

Calculaticn of the diffusion coefficients for hydrogen isotopes
requires only the steel temperature as input information. The expression
used to calculate coefficient values is

D = 9.8 x 10-6 exp(-7073/T) (A-2)

X
Jm
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m = isotopic mass number (atomic units)

T = 316 stainless steel temperature (K).

The equation is based on experimental measurements of concentration
gradients in the metal as well as permeation rate measurements, The effect
of irradiation is not modeled hecause no data for irradiated stainless
steel have been found.

fquation (A-2) zan be expected to have a standard error of +4.5 and
-0.3 of the calculated value for hydrogen, +1.0 and -0.5 of the calculated
vaiue for deuterium, and +5.4 and -0.84 of the calculated value for tritium.
The expression is valid in the temperature range 375 to i000 K and is known
not to be valid below 300 ¥ because of grain boundary diffusion.

4,2 Literature and Data

Investinators generally agree that an exponential dependence on
temperature is the appropriate expression for the diffusion coefficient of
hydrogen isotopes in stainless steels.A'l'A’9 in addition, the rather
limited data are consistent with the classical reciprocal square root
dependance of the diffusion coefficient on the diffusing isotope's

-5 A-0Q
mass.A 5,A-S

There are, however, several complicating features. [n most metals

hydrogen diffuses in the atomic state A= 10

In order to move across a

metal barrier from one outside gas voluie to another, the nclecular hydrogen
in the gas must dissociate at one surface and recombine on the other sur-
face. Thus measurement techniques which rely on measuring membrane permea-
tion rates’ "< A=9A~7 List be careful to properly consider the possibility
of deiays due to time required for dissociation and recombination at the
metal barrier's surfaces. Care must also be taken that surface layers such
as metallic oxides which may form during the measurements do not cause a
significant time-varyinz reduction in the rate of surface dissociation and

recmnbination.A°']
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A second complication is the existence of a rapid diffusion path which
is available to a small fraction of the diffusing nydrogen *sotopes. Most
authors believe this rapid path is grain boundary diffusionA“'A’3'A'P'A'9
and it is probably only important at temperatures below 375 K.A"9 At
least one authorA" has derived an expression for an effeclive diffusivity
which includes the grain boundary diffusion but does not specifically con-
sider the paralle) paths. If such detail is necessary, a parallel-path
approach using the grain boundary diffusivity of Reference A-3 and the
estimated grain boundary fractional area of 4 x 10'5 from Reference A-1
is recommended. In the SDIF subroutine the grain boundary cortribution
will be neglected and the range of apgplication will thus be linited to

greater than 300 K.

Variations from one type of stainless steel to another are not a
fundamental problem, hut could cause a practical problem in finding
sufficient data to vse if the variations were large. The data to be
reviewed in this subsection and Reference A-9 indicate that there are no
substantial differences in austenitic stainless steels but that phase
transitions can cause a substantial change in the diffusion rate.A'9
Thus the usable data are limited to austenitic stainiess steels but not to

316 stainless steel.

A serious problem is presented by the fact that no data for irradiated
stainless steel have been found. FExperiments now planned < .uld resolve
this problem in the near future.

The two sources of information for hydrogen diffusion in austenitic
steels are Maroni and Van DeventerA'4 and Randall and Salmon.A'S Both

sources employ permeation measurements but only Randall and Salmon actually
publish a ciffusion coefficient expression,

D = 2.551 x 10°° exp(-7460/T) . (A-3)

The expression is based on data at 842 and 971 K in 347 stainless steel.



Maroni and Van DeventerA'a has figures showing hydrogen permeability
and hydrogen solubility for 300 series stainless steels and iron, respec-
tively. They also state that the permeability can be determined as the
direct product of the hydrogen concentration gradient and the bulk

diffusion coefficient. From Figure 3 of Reference A.4, the permeability
can be found to be

¢ =2.17 x 107 exp(-7823/T) 21%51 (A-4)
where
® = flux of hydrogen through a 31% stainless steel plate

(m3 of hydrogen at STP/m2s)

>
"

plate thickness (m)

a(vp)

difference of the square root at pressure across the

plate (V10~ Pa).

From Figure 1 of Reference A-4, the solubility can be found to be

S = 6.3 exp(-3155 JP (A-5)
e
where
S = amount of hydrogen dissolved (atomic parts per million)

©
"

pressure (Pa).

If the permeability can be determined as the product of the hydrogen
concentration gradient and the bulk diffusion coefficient (i.e., if the
time required for surface dissociation at the high pressure surface and for
surface recombination at the low pressure face is negligible) one can write
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) '
4 = -D'%§ " 'D(S one face ; S other face) (A-6)

g e flux of hydrogen through a 316 stainless steel plate (kg of
hydrogen/m?s)

LIS amount of hydrogen dissolved (kg of hydrogen/m3 steel).

Combining Equations (A-4) to (A-6) with suitable units conversionsa leads
to an expressinon for the diffusion coefficient of hydrogen in 300 series

stainless steeis,

D = 6.8 x 107 exp(-4668/T) . (A-7)

The equation is somewhat suspect because of the assumption that surface
dissociation and recombination rates are negligibly small, but may be
satisfactory for the 673 to 973 K temperature range that these authors
consider.

Two references for deuterium diffusion in austenitic stainless steels

have been found. Wilson and BaskesA'6 found

D= 1.2 x 107" exp(-7096/T) (A-8)

for deuterium in 316 stainless steel, The expression was obtained from
experimental data promised in a later publication but not found by this

S

a. The following units conversions were employed: | m3 of hydrogen at
STP = 8,88 x 10”¢ kg hydrogen; 1 atomic ppm in 316 stainless
steel = 1,43 x 1074 kg hydrogen/m’ steel,
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author. No temperature range was published for Fquation (A-8) so it is

dssumed that the expression is valid only over the range of temperatures
which are discussed in Reference A-6, 300 to 440 K.

Deuterium diffusion data from Braun, Fmmoth, Waelbroeck and Wien-
holdA'7 are by far the most useful information on the topic of hydro-
gen isotope diffusion that have been publish:d because individual data are
presented. These data which were obtained from Figure 3 of Reference A-7
are reproduced as Table A-1. The data were obtained by using the permeation
measurement technique on a 304 stainless stee! membrane. Temperatures from
360 to 865 K were employed.

From their data Braun et al. deduced an expression for the diffusion
coefficient of deuterium in austentitic stainless steels,

D= 1.8 x 107> exp(-7450/T) . (A-9)

Tritium diffusion data are available from Austin and Elleman,“"8

A-5

Louthan et al.A'g and Randall and Salmon. Austin and Elleman found

D= 1.8 x 10°° exp(-7079/T) (A-10)

for tritium in 304- and 316-stainless steel over the temperature range 298
to 495 K. Concentration profiles rather than - .rmeaiion rates were employed

to determine Equation (A-10). Louthan et al., also used concentration
profiles to find

D=2.71x 10" exp(-6490/T) (A-11)
for temperatures above 373 K in 304 L stainless steel. No upper bound was

published for Fquation (A-11) so it was assumed to be valid only over the
range in which it was used, 373 to 475 K. Randall and Salmon found
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TABLE A-1. DEUTERIUM DIFFURIQN COEFFICIENTS MEASURED IN 304 STAINLESS STEEL
BY BRAUN ET AL.™"

Diffusion Coefficient

Temperature »

. __x) (m/s)
360 6.89 x 10714
383 1.69 x 10-13
419 2.26 x 10°13
a44 2.85 x 10712
494 4.74 x 10-12
546 2.82 x 107!
554 4.34 x 10°1)
563 3.29 x 10-!]
571 4.00 x 10-)!
573 7.22 x 10-1}
592 5.18 x 10°)]
592 6.30 x 10°1!
632 2.53 x 10-10
652 2.46 x 1010
655 1.86 x 10-10
663 2.15 x 10-10
666 2.67 x 10-10
701 7.80 x 10-10
717 7.89 x 10-10

| 737 g.78 x 10-10
762 8.73 x 10-10
787 1.13 x 10°9
865 2.78 x 1079
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-6
D=1.293 x 10  exp(-7081/T) (A-12)

from their membrane permeation rate measurements at 842 and 971 K with
347 stainless steel,

The published information on hydrogen isotope diffusion in stainless
steels is remarkable for the limited amount of data that are published to
support the many differing equations that are presented, There is little
significant difference between the austenitic stainless steels but a large
difference between these steels and ircn. When the differing equations are
compared (as they are in the next subsection) it becomes apparent that there
is nearly an order-of-magnitude difference between the various equations.
The most logical explanation of these differences is unconsidered surface
effects in the high temperature permeation measurements and grain boundary
diffusion enhancement in the low temperature measurements, At the present
time, no data for the effect of irradiation on diffusion have been found.

A.3 Model Development

Since the literature and data reviewed in the last section show that
hydrogen isotope 1iffusion coefficients in austenitic stainless steels are
propurtional to the reciprocal square root of the diffusing element's atomic
mass, all of the data can be normalized to hydrogen diffusion rates and
considered together., The six usable sources discussed in Subsection A.2
have thus been represented together in Figure A-1. In addition the iron
data of Waelbroeck et al..A'z
Calder et al.A'3 and calculations with Fquation (A-2) are shown, The
iron data and grain boundary diffusion data clearly belong to a different
population than the remaining data,

the grain boundary diffusion data of

The data shown in Figure A-1 define a linear band of diffision
coefficients which is about an order of magnitude wide wi h no change in
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_10_ dnd \ ™y il
10 :
- \-.0. Braun et al.
\
\
10'11 = \ 2
N e
\
-
10"12 -
T Louthan et al. 4
Wilson and Baskes
10'14 - \ —
T
Austin
N\ A
10718 | and \\\\ \ H
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Figure A-1, Hydrogen isotope diffusion coefficient data

normalized to one atomic weight unit,
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slope in the range of reciprocal temperatures for which the data are valid

(temperatures from 1000 to 300 K). A least squares natur 11 log fit to a
single equation of the form

0= A exp(-B/T) (A-13)

where A and B are constants was therefore employed to describe the infor-
mation in Figure A-1. Fach line was represented by its two end points and
anotner point at the average of the end point temperatures, The resultant
expression is Equation (A-2) and is represented by the dashed line in
Figure A-1,

Several attempts were required to describe the scatter of the data in
Figure A-1. For the traditional standard error approach, some transfor-
mation which produces a temperature-independent scatter is necessary. llse
of the diffusion coefficient in the defining expression

M

Y(T) - vi]2
Zi =

S * = degrees of freedom

(A-14)

where

S = standard error of correlation with respect to its data base

Y(T) = calculated quantity
Yi s measured quantity
n = number of data used to test the model

would give far too much weight to the high temperature data where the

absolute differences are large but the fractional differences are small,



pefining Y to be the ratio of the measured diffusion coefficient to the
predicted one produced standard errcrs greater than one, thus implying
possible negative diffusion coefficients.

The approach that was finally adopted defined y(T) as the natural log
of the predicted diffusion coefficient and Y, to be the natural log of
the measured diffusion coefficient. The asymmetric uncertainties thus
obtained for the diffusion coefficients reflect the symmetric scatter of
the data about the center of the band shown in Figure A-1 as well as the
least-squares-1og technique used to determine the constants in
Fquatior (A-13).

A.4 SDIF Subroutine Listing and Plots

Table A-2 is a listing of the SDIF subroutine and Figure A-2 is a
subroutine-generated plot of diffusion coefficients calculated for hydrogen
(top line), deuterium (middle line), and tritium (bottom line) n
316 stainless steel as a function of reciprocal temperature.
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TABLE A-2. LISTING OF THE SDIF SUBROUTINE

SUBROUTINE SDJF (TEMP,HDIF ,DDIF,TDIF)

C
C HDIF = OUTPUT DIFFUSION COEFFICIENT FOR HYDROGEN IN
C 316 STAINLESS STEEL (M**2/S)
C DDIF = QUTPUT DIFFUSION COEFFICIENT FOR DEUTERIUM IN
C 316 STAINLESS STEEL (M**2/S)
C TDIF = OUTPUT DIFFUSION COEFFICIENT FOR TRITIUM IN
E 316 STAINLESS STEEL (M**2/5)
C TEMP = TNPUT 316 STAINLESS STEEL TEMPERATURE (K)
C
C SDIF WAS CODED BY D. L. HAGRMAN OCTOBER 1982
C
HDIF = 9,8E-06 * EXP(-7073./TEMP)
DDIF = 0.7071067 * HDIF
TDIF = 0.5773502 * HDIF
c
RETURN
END

202



DIFFUSION IN 316 SS VS RECIPROCAL TEMPERATURE

'
=

IFFUS]ON COEFFICI (Mwx2/5)
lO"'D m"l 10 10 10" 10® 10"
bdd

10™

”
1 .

10

0™

|
0 %.0 30.0 B.0 0.

10.0 15.0 2. . 0
RECIPROCAL TEMPERATURE (1/K) =10"

; Figure A-2. Values of the hydrogen (top line), deuterium (middle line),
and tritium (bottom line) diffusion coefficients in 316 stain-
less steel calculated by the SDIF subroutine as a function of
reciprocal temperature,
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