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Abstract

Thermal embrittlement of static–cast CF–8 stainless steel components from the decom-
missioned Shippingport reactor has been characterized.  Cast stainless steel materials were
obtained from four cold–leg check valves, three hot–leg main shutoff valves, and two pump
volutes.  The actual time–at–temperature for the materials was ≈13 y at ≈281°C (538°F) for
the hot–leg components and ≈264°C (507°F) for the cold–leg components.  Baseline mechanical
properties for as–cast material  were  determined  from tests  on  either  recovery–annealed
material, i.e., annealed for 1 h at 550°C and then water quenched, or material from the cooler
region of the component.  The Shippingport materials show modest decreases in fracture
toughness and Charpy–impact properties and a small increase in tensile strength because of
relatively low service temperatures and ferrite content of the steel.  The procedure and correla-
tions developed at Argonne National Laboratory for estimating mechanical properties of cast
stainless steels predict accurate or slightly lower values for Charpy–impact energy, tensile flow
stress, fracture toughness J–R curve, and JIC of the materials.  The kinetics of thermal embrit-
tlement and degree of embrittlement at saturation, i.e., the minimum impact energy achieved
after long–term aging, were established from materials that were aged further in the laboratory.
The results were consistent with the estimates.  The correlations successfully predicted the
mechanical properties of the Ringhals 2 reactor hot– and crossover–leg elbows (CF–8M steel)
after service of ≈15 y and the KRB reactor pump cover plate (CF–8) after ≈8 y of service.
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Nomenclature

b Uncracked ligament of Charpy–impact specimen (mm).

B Thickness of Charpy–impact speciemn (mm).

C Coefficient of power–law J–R curve expressed as Jd = C(Δa)n.

Creq Chromium equivalent for a material (wt.%).

CV Room–temperature “normalized” Charpy–impact energy, i.e., Charpy–impact energy
per unit fracture area, at any given service and aging time (J/cm2).  Fracture area
for a standard Charpy V–notch specimen (ASTM Specification E 23) is 0.8 cm2.
Divide the value of impact energy in J by 0.8 to obtain “normalized” impact energy.

CVint Initial room–temperature “normalized” Charpy–impact energy of a material, i.e.,
unaged material (J/cm2) .

CVsat Room–temperature “normalized” Charpy–impact energy of a material at saturation,
i.e., minimum impact energy that would be achieved for the material after long–term
service (J/cm2) .

CMTR Certified material test record.

E Modulus of elasiticity (MPa).

Jd Deformation J per ASTM Specification E 813-85 or E 1152–87 (kJ/m2) .

n Exponent of power–law J–R curve.

n1 Ramberg–Osgood parameter.

Nieq Nickel equivalent for a material (wt.%).

P Aging parameter, i.e., log of time of aging at 400°C.

Pm Maximum load for instrumented Charpy–impact test (N).

Py Yield load for instrumented Charpy–impact test (N).

Q Activation energy for process of thermal embrittlement (kJ/mole).

Rf Ratio of tensile flow stress of aged and unaged cast stainless steel.

Ry Ratio of tensile yield stress of aged and unaged cast stainless steel.

t Service or aging time (h).

Ts Service or aging temperature (°C).

W Width of Charpy–impact specimen (mm).

α Shape factor of curve for change in room–temperature Charpy–impact energy with
time and temperature of aging.

α1 Ramberg–Osgood parameter.

β Half the maximum change in room–temperature Charpy–impact energy.

δc Ferrite content calculated from chemical composition of a material (%).

Δa Crack extension (mm).
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ε Engineering strain.

εo Reference strain in Ramberg–Osgood equation.

Φ Material parameter.

θ Aging behavior at 400°C, i.e., log of time to achieve β reduction in impact energy at
400°C.

σf Engineering flow stress expressed as average value of yield and ultimate stress, i.e.,
(σ y  +  σu)/2 (MPa).

σo Reference stress in Ramberg–Osgood equation (MPa).

σu Engineering ultimate stress (MPa).

σy Engineering yield stress (MPa).

In this report, all values of impact energy are considered to be for a standard
Charpy–V–notch specimen per ASTM Specification E 23, i.e., 10 x 10–mm cross section and
2–mm V notch.  Impact energies obtained on subsize specimens should be normalized with
respect to the actual cross–sectional area and appropriate correction factors should be applied
to account for size effects.  Similarly, impact energy from other standards, e.g., U–notch
specimen, should be converted to a Charpy–V–notch value by appropriate correlations.

SI units of measure have been used in this report.  Conversion factors for measurements in
British units are as follows:

To convert from t o multiply by

in. mm 25.4
J* f t · l b 0.7376
kJ/m2 in.–lb/in.2 5.71015
kJ/mole kcal/mole 0.239

                                    
*When impact energy is expressed in J/cm2, first multiply by 0.8 to obtain impact energy of a standard Charpy
V–notch specimen in J.
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Executive Summary

Cast duplex stainless steels are used extensively in the nuclear industry for valve bodies,
pump casings, and primary coolant piping.  The ferrite phase in the duplex structure of
austenitic–ferritic stainless steels increases the tensile strength and improves the soundness of
casting, weldability, and resistance to stress corrosion cracking of these steels.  However, these
steels are susceptible to thermal embrittlement after extended service at reactor operating
temperatures.  Recent data have shown that thermal embrittlement of cast stainless steel
components can occur during the reactor design life of 40 y.  Thermal aging of cast stainless
steels at these temperatures causes an increase in hardness and tensile strength; a decrease in
ductility, impact strength, and fracture toughness of the material; and a shift of the Charpy
transition curve to higher temperatures.  In general, the low–C CF–3 steels are the most
resistant to thermal embrittlement, and the Mo–bearing, high–C CF–8M steels are the least
resistant.

Therefore, mechanical–property degradation due to thermal embrittlement must be as-
sessed so that the performance of cast stainless steel components during prolonged exposure
to service temperatures can be evaluated, because rupture of the primary pressure boundary
could lead to a loss–of–coolant accident and possible exposure of the public to radiation.  A
procedure and correlations have been developed at Argonne National Laboratory for estimating
fracture toughness, tensile, and Charpy–impact properties of cast stainless steel components
from known material information.  Mechanical properties of a specific cast stainless steel are
estimated from the extent and kinetics of thermal embrittlement.  Because the embrittlement
mechanisms and kinetics are complex, mechanical testing of actual component materials that
have completed long in–reactor service is necessary to ensure that the mechanisms observed in
accelerated aging experiments are the same as those occurring in reactors.  Cast stainless steel
materials from the decommissioned Shippingport reactor offered a unique opportunity to vali-
date the correlations and benchmark the laboratory studies.  The mechanical–property degra-
dation of cast stainless steel components from the Shippingport reactor is characterized in this
report.  The results are compared with estimates from accelerated laboratory aging studies.

Cast stainless steel materials were obtained from four cold–leg check valves, three hot–leg
main shutoff valves, and two pump volutes.  The actual time–at–temperature for the materials
was ≈13 y at ≈281°C (538°F) for the hot–leg components and ≈264°C (507°F) for the cold–leg
components.  The various cast materials were analyzed to determine their chemical composi-
tion, hardness, grain structure, and ferrite content and distribution.  All materials from the
Shippingport reactor are CF–8 cast stainless steel, with ferrite contents in the range of 2–16%.
In general, hardness increases with increases in the ferrite content of the steel.  Some differ-
ences in hardness and ferrite content were observed for material from different locations in the
casting.  Such differences appear to be related to compositional variations.  All valve materials
have a radially oriented columnar grain structure.  The pump volutes exhibit a mixed grain
structure of columnar and equiaxed grains.  The materials contain a lacy ferrite with a mean
ferrite spacing in the range of 150–300 µm.  The check–valve materials show a significant
amount of carbides at the ferrite/austenite phase boundaries.

Charpy-impact, tensile, and fracture toughness properties of several cast stainless steel
materials from the Shippingport reactor have been characterized.  Baseline mechanical proper-
ties of the unaged material were determined from tests on either recovery–annealed material,
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i.e., material that had been annealed for 1 h at 550°C and then water quenched, or on material
from a cooler region of the component.  The Shippingport materials exhibited modest degrada-
tion of mechanical properties, as would be expected at the relatively low operating tempera-
tures.  The room–temperature Charpy–impact energies of the materials are relatively high and
the mid–shelf Charpy transition temperatures are very low.  Check valve materials were weaker
than main valve materials because of the presence of phase–boundary carbides.

Some materials were aged further in the laboratory to determine the kinetics of embrittle-
ment and the saturation or minimum fracture properties of a specific material.  The results
indicate that the Shippingport cast stainless steels are not very susceptible to thermal embrit-
tlement at reactor operating temperatures.  Even at saturation or fully embrittled condition, the
room–temperature impact energy of the materials is >60 J/cm2 (>35 ft·lb) and the room–tem-
perature Jd value is >600 kJ/m2 (>3400 in.–lb/in.2) at 5–mm crack extension.

The values obtained for the reactor–aged materials show good agreement with estimations
based on accelerated laboratory aging studies.  The procedure and correlations for estimating
thermal aging degradation of cast stainless steels predict accurate or slightly conservative val-
ues for Charpy–impact energy, tensile flow stress, fracture toughness J–R curve, and JIC.  The
correlations also successfully predict the mechanical properties of the Ringhals reactor hot– and
crossover–leg elbows after ≈15 y of service and the KRB reactor pump cover plate after ≈8 y
of service.
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1 Introduction

Cast duplex stainless steels (SSs) are used extensively in the nuclear industry for valve
bodies, pump casings, and primary coolant piping.  The ferrite phase in the duplex structure of
austenitic–ferritic SSs increases the tensile strength and improves the soundness of casting,
weldability, and resistance to stress corrosion cracking of these steels.  However, these steels
are susceptible to thermal embrittlement after extended service at reactor operating tempera-
tures, i.e., typically 282°C (540°F) for boiling water reactors, 288–327°C (550–621°F) for
pressurized water reactor (PWR) primary coolant piping, and 343°C (650°F) for PWR pressuriz-
ers.  Thermal aging of cast SSs at these temperatures causes an increase in hardness and
tensile strength; decrease in ductility, impact strength, and fracture toughness of the material;
and a shift of the Charpy transition curve to higher temperatures.  Therefore, to evaluate the
performance of cast SS components during prolonged exposure to service temperatures, we
must assess the mechanical–property degradation that is due to thermal embrittlement, be-
cause rupture of the primary pressure boundary could lead to a loss–of–coolant accident and
possible exposure of the public to radiation.

Investigations at Argonne National Laboratory (ANL)1–8 and elsewhere9–16 have shown
that thermal embrittlement of cast SSs (i.e., ASTM Specification A–351 grades* CF–3, CF–3A,
CF–8, CF–8A, and CF–8M) can occur during the reactor design life of 40 y.  Cast SS
components with even modest ferrite content, e.g., 10–15% ferrite, may show significant
thermal embrittlement.  For example, the hot–leg elbow from the Ringhals 2 reactor showed
poor fracture properties, e.g., room–temperature (RT) Charpy–impact energy of 36 J
(≈26 ft·lb) and fracture toughness JIC values of 150–330 kJ/m2 (856–1884 in·lb/in2).17  In
general, various grades and heats of cast SS exhibit varying degrees of thermal embrittlement.
The low–C CF–3 steels are the most resistant to thermal embrittlement, and the Mo–bearing,
high–C CF–8M steels are the least resistant.

Thermal embrittlement of cast SSs results in brittle fracture associated with either cleav-
age of the ferrite or separation of the ferrite/austenite phase boundary.  Aging of cast SSs at
temperatures <500°C (<932°F) leads to precipitation of additional phases in the ferrite, e.g.,
formation of a Cr–rich α' phase by spinodal decomposition; nucleation and growth of α'; precip-
itation of a Ni– and Si–rich G phase, M23C6, and γ2 (austenite); and additional precipitation
and/or growth of existing carbides at the ferrite/austenite phase boundaries.  Thermal embrit-
tlement is caused primarily by formation of the Cr–rich α' phase and, to some extent, by pre-
cipitation and growth of carbides at the phase boundaries.  Formation of the α ' phase increases
strain hardening and local tensile stress.  Consequently, the critical stress level for brittle
fracture is attained at higher temperatures.  Predominantly brittle failure occurs when either the
ferrite phase is continuous (e.g., in cast material with a large ferrite content) or the fer-
rite/austenite phase boundary provides an easy path for crack propagation (e.g., in high–C
grades of cast steel with large phase–boundary carbides).  The amount, size, and distribution of
the ferrite phase in the duplex structure, and the presence of phase–boundary carbides are im-
portant parameters in controlling the degree or extent of thermal embrittlement.

                                    
*In this report, grades CF–3A and CF–8A are considered equivalent to CF–3 and CF–8, respectively.  The A desig-

nation represents high tensile strength.  The chemical composition of CF–3A and CF–8A are further restricted
within the composition limits of CF–3 and CF–8, respectively, to obtain a ferrite/austenite ratio that results in
higher ultimate and yield strengths.
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A procedure and correlations have been developed for estimating fracture toughness, ten-
sile, and Charpy–impact properties of cast SS components from known material information.5–8

Mechanical properties of a specific cast SS are estimated from the extent and kinetics of
thermal embrittlement.  The extent of thermal embrittlement is characterized by the RT
Charpy–impact energy.  A correlation for the extent of thermal embrittlement at “saturation,”
i.e., the minimum impact energy that would be achieved for the material after long–term aging,
is given in terms of the chemical composition.  The extent of thermal embrittlement as a func-
tion of time and temperature of reactor service is estimated from the extent of embrittlement
at saturation and from the correlations that describe the kinetics of embrittlement, which are
also given in terms of chemical composition.  The fracture toughness J–R curve for the material
is then obtained from the correlation between the fracture toughness parameters and the RT
Charpy–impact energy that is used to characterize the extent of thermal embrittlement.
Tensile yield and flow stresses, and Ramberg/Osgood parameters for tensile strain hardening
are estimated from the flow stress of the unaged material and the kinetics of embrittlement.
Fracture toughness JIC and tearing modulus can then be determined from the estimated J–R
curve and tensile flow stress.

Because the embrittlement mechanisms and kinetics are complex, mechanical testing of
actual component materials that have completed long in–reactor service is necessary to ensure
that the mechanisms observed in accelerated aging experiments are the same as those that oc-
cur in reactors.  Cast SS materials from the decommissioned Shippingport reactor offered a
unique opportunity to validate the correlations and benchmark the laboratory studies.
Degradation of the mechanical properties of cast SS components from the Shippingport reactor
has been characterized in this report.  The results are compared with estimates from acceler-
ated laboratory aging studies.

Degradation of the mechanical properties of cast SS materials from the hot–leg and
crossover–leg elbows of the Ringhals 2 reactor in Sweden and from the recirculating–pump
cover assembly of the KRB reactor in Gundremmingen, Germany, is also assessed and compared
with experimental data.  The elbows, constructed of CF–8M steel, were in service for ≈13 y at
325°C (617°F) for the hot leg and at 291°C (556°F) for the crossover leg, and at hot standby
for ≈2 y at 303°C (577°F) for the hot leg and at 274°C (525°F) for the crossover leg.  The
recirculating–pump cover assembly of the KRB reactor was constructed of CF–8 steel and was in
service for ≈8 y at 284°C (543°F).

2 Material Characterization

Cast SS materials were obtained from four cold–leg check valves, three hot–leg main
shutoff valves, and two pump volutes.  One of the volutes was a “spare” that had seen service
only during the first core loading; the other was in service for the entire life of the plant.  The
actual time–at–temperature for the materials was ≈13 y at ≈281°C (538°F) for the hot–leg
components and ≈264°C (507°F) for the cold–leg components.  The components were in a
hot–standby condition of ≈204°C (399°F) for an additional ≈2 y.  Photographs of the check
valve, main shutoff valve, and spare pump volute are shown in Fig. 1.

The various cast materials were characterized to determine their chemical composition,
hardness, grain structure, and ferrite content and distribution.  Samples were obtained from
different  locations  o f  the  casting  and  from  different  regions  across  the  thickness of the wall.
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(a)

(b)

Figure 1. Photographs of (a) check valve, (b) main shutoff valve,
and (c) spare pump volute from the Shippingport reactor
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(c)

Figure 1. (Contd.)

The chemical composition, hardness, and amount and distribution of ferrite for the cast mate-
rials are given in Table 1.  The chemical composition and ferrite content of the hot–leg and
crossover–leg elbows from the Ringals 2 reactor and the pump cover plate from the KRB reactor
are also included in Table 1.  All materials from the Shippingport reactor are CF–8 cast SS with
ferrite content in the range of 2–16%.  In general, hardness increases with increases in ferrite
content of the steel.  Some differences in hardness and ferrite content were observed for mate-
rial from different locations in the casting.  Such differences appear to be related to composi-
tional variations.

All valve materials exhibit a radially oriented columnar grain structure.  Typical examples of
the grain structure for the check valves and main shutoff valves are shown in Figs. 2 and 3,
respectively.  The inner surface of all of the valves contained repair welds; an example is shown
in Fig. 3.  The pump volutes display a mixed grain structure of columnar and equiaxed grains,
Fig. 4.  The ferrite morphologies of the check valves, main shutoff valves, and the pump
volutes are shown in Figs. 5, 6, and 7, respectively.  The materials contain a lacy ferrite with a
mean ferrite spacing in the range of 150–300 µm.  The check valve materials show a significant
amount of carbides at the ferrite/austenite phase boundaries.  Furthermore, most of the phase
boundaries have migrated.  The original phase boundaries are decorated with carbides, which
most likely formed during production heat treatment of the casting.

Microstructural examination indicates that the mechanism of low–temperature embrittle-
ment of the cast materials is the same as that of laboratory–aged materials.18,19  All materials
showed spinodal decomposition of ferrite to form a Cr–rich α' phase.  In addition, the materials
from the check valve contained a Ni– and Si–rich G phase in the ferrite, and M23C6 carbides at
the  austenite/ferrite  phase  boundary.   An  unexpected  microstructural  feature,  i.e.,  σ–phase
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Table 1. Chemical composition, ferrite morphology, and hardness of cast stainless steel
components from the Shippingport, KRB, and Ringhals reactors

Mater. Composition, wt.% Ferr i te,%
Ferr i te

Spacing,
Hard–nes

s,
IDa C N Si Mn P S Ni Cr Mo Cu Calc. Meas. µm RB

Cold–Leg Check Valveb

CA4 0.056 0.041 1.45 1.10 0.018 0.009 8.84 20.26 0.01 0.07 10.8 10.9 1 5 7 79.8
CA7 0.058 0.041 1.43 1.09 0.018 0.009 8.72 20.22 0.01 0.07 10.9 10.0 1 4 8 78.6
CB7 0.052 0.053 1.36 1.07 0.018 0.011 8.85 19.12 0.02 0.06 5.9 3 .2 2 9 6 75.0
Hot–Leg Main Shutoff Valveb

MA1 0.052 0.049 0.22 0.72 0.039 0.013 10.50 20.74 0.24 0.13 5.2 9 .5 2 1 7 76.9
MA9 0.052 0.051 0.24 0.72 0.041 0.011 10.54 20.78 0.24 0.13 5.1 10.0 2 4 5 77.6
MB2 0.042 0.073 0.51 0.72 0.043 0.017 10.77 19.74 0.19 0.12 2.6 1 .9 – 74.2
Pump Volutec

VR 0.046 0.049 1.14 0.50 0.027 0.017 9.56 20.79 0.04 0.07 9.8 16.2 1 8 1 82.9
PV 0.108 0.027 0.89 1.11 0.032 0.008 9.30 19.83 0.38 0.25 4.7 13.0 – –
KRB Pump Cover Plated

KRB 0.062 0.038 1.17 0.31 – – 8.03 21.99 0.17 – 27.7 34.0 – –
Ringhals Reactor Elbowse

H 0.037 0.044 1.03 0.77 0.022 0.008 10.60 20.00 2.09 0.17 13.0 20.1 – –
C 0.039 0.037 1.11 0.82 0.020 0.012 10.50 19.60 2.08 0.08 12.3 19.8 – –
a For the valves, the second letter indicates the loop where the valve was located and the number designates

the segment of the component from which the material was removed.  Segments 1, 2, and 7 are from the top
half of the valve body and segment 4 is from the bottom half.  Segment 9 of the main shutoff valves is from a
cooler region, i.e., casing for valve stem and bonnet.

b In service for ≈13 y at 264°C for cold leg and at 281°C for hot leg.
c Spare pump volute VR in service only during initial core loading and PV in service for ≈13 y at 264°C.
d In service for ≈8 y at 284°C.
e In service for ≈13 y at 325°C for hot leg and at 291°C for crossover leg, and at hot standby for ≈2 y at

303°C for hot leg and 274°C for crossover leg.

Figure 2. Microstructure along axial section of Loop A check valve from the Shippingport
reactor
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Figure 3. Microstructure along axial section of Loop B main shutoff valve
from the Shippingport reactor.  A repair weld is also seen on
the outer diameter of the valve.

Figure 4. Microstructure along axial section of the spare
volute from the Shippingport reactor
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Loop A Loop B Loop C

Figure 5. Ferrite morphology of cast materials from Loops A, B, and C cold–leg check valves
from the Shippingport reactor

Loop A Loop B Loop C

Figure 6. Ferrite morphology of cast materials from Loops A, B, and C hot–leg main shutoff
valves from the Shippingport reactor
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Cold–Leg Pump Volute Spare Pump Volute

Figure 7. Ferrite morphology of cast materials from the cold–leg
and spare pump volutes from the Shippingport reactor

precipitates on slip bands and stacking faults, was also observed in the austenite of the check
valve material.  Precipitation of σ phase generally occurs at temperatures >550°C (1022°F).
The presence of σ phase and phase–boundary migration indicate significant differences between
the production heat treatment of the check valves and that of the other materials.

3 Mechanical Properties

Specimens for Charpy–impact, tensile, and fracture toughness tests were obtained from
different locations across the thickness of the various components.  All specimens were in the
LC orientation.*  Impact tests were conducted on standard Charpy V–notch specimens ma-
chined according to ASTM Specification E 23.  A Dynatup Model 8000A drop–weight impact
machine with an instrumented tup and data readout system was used for the tests.  Tensile
tests were performed on cylindrical specimens with a diameter of 5 mm and a gage length of
20 mm.  The tests were conducted at an initial strain rate of 4 x 10–4 s–1.  The fracture
toughness J–R curve tests were conducted according to ASTM Specifications E 813–85 and
E 1152–87.  Compact–tension specimens, 25.4 mm thick, were used for the tests.  The
experimental procedure and test results for the Charpy–impact, tensile, and fracture toughness
tests are given in Appendices A, B, and C, respectively.  Preliminary results from this study have
been presented earlier.20–22

                                    
* The first letter represents the direction normal to the plane of the crack; the second indicates the direction of

crack propagation.  L = longitudinal and C = circumferential.
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3.1 Baseline Mechanical Properties

The baseline mechanical properties for the unaged materials must be known to establish
the effects of thermal aging during reactor service.  Microstructural and annealing stud-
ies3,4,18,19 on laboratory– and reactor–aged materials have been conducted to investigate the
possibility of recovering the mechanical properties of embrittled materials.  The formation of
the α ' phase by spinodal decomposition is the primary mechanism of thermal embrittlement.
The α' phase is not stable at temperatures >550°C (1022°F).  The mechanical properties can be
recovered by annealing the embrittled cast stainless steels for 1 h at 550°C and then water
quenching to dissolve the α' phase while avoiding the formation of σ phase.

The influence of annealing on the Charpy transition curves of three laboratory–aged heats
and service–aged material from the KRB reactor is shown in Fig. 8.  Heats 68, 69, and 75 were
aged for 10,000 h at 400°C and the KRB pump cover plate was in service for ≈70,000 at
284°C.  The Charpy–transition curve for the aged material is represented by dashed lines and
open circles in Fig. 8.  The thermally embrittled material was annealed for 1 h at 550°C and
then water queched.  The results indicate an essentially complete recovery from thermal
embrittlement; the transition curves for the annealed materials agree well with those for the
unaged steel.  Microstructural examination of the annealed material showed no α' phase, but the
size and distribution of the G phase were the same as in the aged material.18,19  The results
indicate that baseline mechanical properties of unaged material can be determined from
recovery–annealed material.

Charpy–impact tests were also conducted on material from a cooler region of the
Shippingport Loop A main shutoff valve to obtain baseline properties.  The Charpy transition
curves of MA9 and recovery–annealed material from MA9 and MA1 are shown in Fig. 9.  These
materials are from the same valve, although MA9 is from a cooler region of the valve.  The re-
sults indicate that the MA9 material suffered no thermal embrittlement; annealing had no effect
on the transition curves.  The results for annealed MA1 material also show good agreement with
the transition curve for MA9.  The upper–shelf energy (USE) of both materials is not constant
but decreases with an increase in temperature.  The average impact energies at room
temperature and at 290°C (554°F), respectively, are 356 and 253 J/cm2 for MA9, and 320 and
254  J /cm2 for annealed MA1.  The Charpy data were fitted with a hyperbolic tangent function
of the form

  
CV = Ko + B 1+ tanh

T – C
D

⎛
⎝

⎞
⎠

⎧
⎨
⎩

⎫
⎬
⎭

, ( 1 )

where   Ko  is the lower–shelf energy, T is the test temperature in °C, B is half the distance be-
tween the upper– and lower–shelf energy, C is the mid–shelf Charpy transition temperature
(CTT) in °C, and D is the half width of the transition region.  The best–fit curves for MA9, with
or without annealing, and for annealed MA1 indicate that the latter is marginally weaker; the
CTT is ≈10°C higher and the average USE is ≈30 J/cm2 lower for MA1.  Such differences in im-
pact energy are most likely due to minor variations in composition and structure of the mate-
rials from different locations of the casting.  The Charpy data for MA9 and annealed MA1 may
be represented by a single transition curve; the best–fit curve is shown in Fig. 9.
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Figure 8. Effect of annealing for 1 h at 550°C and then water quenching
on Charpy–transition curves for laboratory–aged Heats 69, 68,
and 75, and service–aged KRB pump cover plate.  The dashed
lines and open circles represent the transition curve before the
annealing treatment.  (Solid and dashed lines are best–fit
curves.)
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Figure 8. (Contd.)
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Figure 9. Effect of annealing on Charpy–transition curve of cast material
from the hot–leg main shutoff valve.  Material MA9 is from a
cooler region of the valve.  (Solid line is best–fit curve.)

3.2 Charpy–Impact Energy

Charpy impact data for the various cast materials from the Shippingport reactor are given
in Appendix A and the Charpy transition curves are shown in Figs. 10–12.  The results for MA9
and recovery–annealed MA1 materials are shown as the baseline Charpy transition curve for
MA1 in Fig. 10.  The baseline transition curves for CA4 and PV are represented by the results
for recovery–annealed materials.  The Charpy data were fitted with the hyperbolic tangent ex-
pression given in Eq. 1; the values of the constants for the various materials are given in
Table 2.  The results indicate that the RT impact energy of the materials is relatively high and
the mid–shelf CTT, i.e., constant C in Eq. 1, is very low.  The check valve materials CA4 and
CB7 are weaker than MA1 and PV, e.g., the mid–shelf CTT is ≈100°C higher for CA4 and CB7.
The higher CTTs are due to the presence of phase–boundary carbides in the check valve mate-
rials (Fig. 5).  The carbides weaken the phase boundaries and thus promote failure by
phase–boundary separation.

The decrease in impact strength from ≈13 y of service at reactor temperatures is minimal
for the materials.  The RT Charpy–impact energy decreased from 188 to 145 J/cm2 (111 to
8 6  ft·lb) for check valve CA4, 320 to 299 J/cm2 (189 to 176 ft·lb) for main valve MA1, and
424 to 322 J/cm2 (250 to 190 ft·lb) for pump volute PV.  The large difference in USE for the
unaged and service–aged materials from Row 1 of MA1 (Fig. 10), is not due to thermal aging.
The inner–15–mm region of the MA1 valve body contains a high density of inclusions/flaws and
is inherently weak.  The inner surface of all of the valves contained repair welds.  However, no
significant difference was noted in the chemical composition or ferrite content of the material
across the thickness of the valve body.
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Table 2. Values of constants in Eq. 1 for Charpy transition curve of CF–8
cast SSs from the Shippingport reactor and KRB pump cover
plate

Service Condition Constants

Material
ID

Temp.,
°C

Time,
y

Ko,
J/cm2

B,
J/cm2

C,
°C

D,
°C

Cold–Leg Check Valves

CA4 Annealed – 2 5 98.6 –37.0 97.9
CA4 2 6 4 113 ,900 2 5 79.2 –20.1 81.8
CB7 2 6 4 113 ,900 7 6 108.8 6 .0 65.2
Hot–Leg Main Shutoff Valve

MA9a Annealed – 9 6 112.0 –116.3 54.1
MA9 <200 113 ,900 8 3 110.1 –110.7 48.3
MA9 4 0 0 10 ,000 1 0 90.8 –23.6 127.8
MA1/23a Annealed 9 6 112.0 –116.3 54.1
MA1/23b 2 8 1 113 ,900 7 3 87.6 –114.2 29.8
MA1/1c 2 8 1 113 ,900 6 9 63.7 –137.0 38.6
Pump Volutes

PV Annealed – 1 5 0 116.2 –151.9 109.7
PV 2 6 4 113 ,900 7 5 109.4 –141.9 49.5
VR Unaged – 6 1 88.1 –112.4 38.5
VR 4 0 0 10 ,000 2 3 46.3 14.5 91.2
Pump Cover Plated

KRB Annealed – 8 161.9 –16.5 87.2
KRB 2 8 4 8 8 119.7 36.8 83.2

a Determined from combined data for MA9 and annealed MA9 and MA1.
b Material from Rows 2 & 3, which corresponds to 15– 45–mm region of the wall.
c Material from Row 1, which corresponds to inner–5–mm region of the wall.
d Obtained from the KRB reactor in Gundremmingen, Germany.

Unaged material from the spare pump volute and MA9 material from cooler regions of the
main shutoff valve were aged in the laboratory for 10,000 h at 400°C; the results are shown in
Fig. 13.  Both steels show a significant decrease in impact energy after thermal aging.  The USE
decreases from ≈320 to 190 J/cm2 for MA9 and from ≈235 to 115 J/cm2 for VR material.
The mid–shelf CTT increases by 90 and 120°C for MA9 and VR materials, respectively.  These
curves represent the saturation condition, i.e., the minimum Charpy–impact energy that would
be achieved by these materials after long–term aging.

3.3 Tensile Properties

Tensile tests were conducted at room temperature and at 290°C on service–aged materials
from the Loop A cold–leg check valve and pump volute and from the hot–leg main shutoff
valve; results are given in Appendix B.  The results indicate that thermal aging during ≈15 y of
reactor service had no effect on yield stress and that the increase in ultimate stress is minimal
for the three materials.
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Figure 10. Charpy transition curves for Loop A and B cold–leg check valves
after 13 y of service at 264°C.  (Solid and dashed lines
represent best–fit curves for service–aged and annealed
materials, respectively.)
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Figure 11. Charpy transition curves for Loop A hot–leg main shutoff valve
after 13 y of service at 281°C.  Row 1 corresponds to inner
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region of the valve body.  (Solid and dashed lines are best–fit
curves.)
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Figure 12. Charpy transition curves for Loop A pump volute after 13 y of
service at 264°C.  (Solid and dashed lines represent best–fit
curves for service–aged and annealed materials, respectively.)

Tensile properties were also estimated from the instrumented Charpy–impact test
data.1,2,4  For a Charpy specimen, yield stress is given by

  
σy =1.50Py

B
Wb2

⎛
⎝

⎞
⎠ , ( 2 )

and ultimate stress by

σu = 2.28Pm

B
Wb2

⎛
⎝

⎞
⎠ , ( 3 )

where Py and Pm are the yield and maximum loads obtained from the load–time traces of the
instrumented Charpy–impact test, W is the specimen width, B is the specimen thickness, and b
is the uncracked ligament.23  The estimated values of yield and ultimate stress, the values
obtained from tensile tests, and estimated tensile stresses for recovery–annealed materials are
shown in Figs. 14 and 15.  For all of the materials, the estimated tensile properties are in good
agreement with measured values.  The tensile  strength of CA4, PV, and MA1 materials is com-
parable.  Two specimens of MA1 (Fig. 15) showed low ultimate strength (and also poor ductil-
ity).  These specimens were obtained from the inner–15–mm region of the valve body.  The
poor tensile properties are caused by inclusions in the material.  As discussed above, the RT
impact energy of Row 1 specimens is also low, e.g., ≈177 ±33 J/cm2, compared with ≈299
±33 J/cm2 for specimens from other regions of the valve body.
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Figure 13. Charpy transition curves for materials from the spare pump
volute and cooler region of the main shutoff valve before and
after aging for 10,000 h at 400°C.  (Solid and dashed lines
represent unaged and aged materials, respectively.)
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Figure 14. Yield and ultimate stresses estimated from Charpy–impact data
and obtained from tensile tests for cold–leg check valve and pump
volute, and estimated tensile stresses of annealed materials
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Figure 15. Yield and ultimate stresses estimated from Charpy–impact data
and obtained from tensile tests for hot–leg main valve, and
estimated tensile stresses of annealed materials.  Material MA9 is
from a cooler region of the valve.



NUREG/CR–6275 2 0

Tensile tests were also conducted on MA9 and VR materials before and after aging for
10,000 h at 400°C.  The experimental values of yield and ultimate stress and values estimated
from the Charpy–impact data are shown in Fig. 16.  These curves represent the saturation
condition, i.e., the maximum increase in tensile strength achieved by these materials after
long–term aging.  The results indicate that, for both steels, the increase in yield stress is mini-
mal and ultimate stress is increased by ≈4% for MA9 and by ≈15% for VR.

3.4 Fracture Toughness

Fracture toughness J–R curve tests were conducted at room temperature and 290°C on
materials from the cold–leg check valve and pump volute, hot–leg main shutoff valve, and the
spare pump volute; results are given in Appendix C.  The test data, as well as an analysis and
qualification of the data, are also presented in Appendix C.  The baseline J–R curves for unaged
materials were obtained from tests on material from cooler regions of the component, e.g., ma-
terial MA9, or from material that was annealed for 1 h at 550°C and water quenched to recover
the aging degradation.  Tests were also conducted on materials that were aged further in the
laboratory for 10,000 h at 400°C to determine the saturation fracture toughness, i.e., the min-
imum toughness that will be achieved for the specific materials after long–term service.

The effect of thermal aging, either during service or in the laboatory, on the fracture
toughness J–R curves of the various materials are shown in Figs. 17–20.  The J–R curves are
expressed by the power–law relation Jd  =  D(Δa)n per ASTM Specifications E 813–85 and
E 1152–87.  The results indicate that the decrease in fracture toughness from reactor service
is relatively small because of the low operating temperatures and/or low ferrite content of the
materials.  Even the decrease in toughness at saturation is minimal for these materials, par-
ticularly at 290°C.  Only the saturation RT J–R curves for materials from pump volute PV and
spare volute VR show a significant change in fracture toughness.

4 Estimation of Mechanical Properties

A procedure and correlations  have been developed for estimating mechanical properties of
cast SS components during reactor service from known material information.7,8  A flow diagram
for estimating Charpy–impact energy and fracture toughness J–R curves of cast SS components
is shown in Fig. 21.  Section B of Fig. 21 describes the estimation of Charpy–impact energy
and fracture toughness J–R curves at “saturation,” i.e., the minimum impact energy and fracture
toughness that would be achieved for the material after long–term aging.  The only information
needed for these estimations is the chemical composition of the material.  Estimation of
mechanical properties at any given time and temperature of service is described in Section C of
Fig. 21.  The initial impact energy of the unaged material is required for these estimations.  A
detailed description of the procedure and the correlations for estimating Charpy–impact,
fracture toughness, and tensile properties of cast SS have been presented elsewhere;6–8 for
convenience, the correlations are repeated in the following sections.

4.1 Charpy–Impact Energy

When a certified materials test record (CMTR) is available, the saturation RT impact energy
o f  a  specific  cast  SS  is  determined  from  the  chemical  composition  and  ferrite content  of the
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material.  The ferrite content is calculated from chemical composition in terms of the Hull's
equivalent factors2 4

Creq = Cr + 1.21(Mo) + 0.48(Si) – 4.99 (4 )

and

Nieq = (Ni) + 0.11(Mn) – 0.0086(Mn)2 + 18.4(N) + 24.5(C) + 2.77. ( 5 )

The ferrite content δc is given by

δc = 100.3(Creq/Nieq)2 – 170.72(Creq/Nieq) + 74.22. ( 6 )

The saturation RT impact energy for a specific cast SS is determined by two expressions,
and the lower value is used for estimating fracture properties.  For CF–3 and CF–8 steels, the
saturation value of RT impact energy CVsat is the lower value determined from

log10CVsat = 1.15 + 1.36exp(–0.035Φ), ( 7 )

where the material parameter Φ is expressed as

Φ = δc(Cr + Si)(C + 0.4N), ( 8 )

and from

log10CVsat = 5.64 – 0.006δc – 0.185Cr + 0.273Mo – 0.204Si
+ 0.044Ni – 2.12(C + 0.4N). ( 9 )

For CF–8M steel with <10% Ni, the saturation value of RT impact energy CVsat is the lower value
determined from

log10CVsat = 1.10 + 2.12exp(–0.041Φ), (10)

where the material parameter Φ is expressed as

Φ = δc(Ni + Si + Mn)2(C + 0.4N)/5, (11)

and from

log10CVsat = 7.28 – 0.011δc – 0.185Cr – 0.369Mo – 0.451Si
– 0.007Ni – 4.71(C + 0.4N). (12)

For CF–8M steel with >10% Ni, the saturation value of RT impact energy CVsat is the lower value
determined from

log10CVsat = 1.10 + 2.64exp(–0.064Φ), (13)

where the material parameter Φ is expressed as
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Φ = δc(Ni + Si + Mn)2(C + 0.4N)/5, (14)

and from

log10CVsat = 7.28 – 0.011δc – 0.185Cr – 0.369Mo – 0.451Si
– 0.007Ni – 4.71(C + 0.4N). (15)

If not known, the N content can be assumed to be 0.04 wt.%.  The RT impact energy as a
function of time and temperature of aging of a specific cast SS  is determined from its esti-
mated RT saturation impact energy CVsat and the kinetics of embrittlement.  The decrease in RT
Charpy–impact energy CV with time is expressed as

  
log10 CV = log10 CVsat + β 1– tanh

P – θ
α

⎛
⎝

⎞
⎠

⎧
⎨
⎩

⎫
⎬
⎭

, (16)

where the aging parameter P is defined by

P = log10 t( ) – 1000Q
19.143

1
TS + 273

–
1

673
⎛
⎝⎜

⎞
⎠⎟

. (17)

The constants α and β can be determined from the initial impact energy CVint and saturation
impact energy CVsat as follows:

α = –0.585 + 0.795log10CVsat (18)

and

β = (log10CVint – log10CVsat)/2. (19)

The value of θ varies with service temperature; it is 3.3 for temperatures <280°C (<536°F), 2.9
for temperatures between 280 and 330°C (536 and 626°F), and 2.5 for temperatures between
330 and 360°C (626 and 680°F).  Activation energy for thermal embrittlement is expressed in
terms of both chemical composition and the constant θ.  The activation energy Q is given by

Q = 10 [74.52 – 7.20 θ – 3.46 Si – 1.78 Cr – 4.35 I1 Mn
+ (148 – 125 I1) N – 61 I2 C], (20)

where the indicators I1 = 0 and I2 = 1 for CF–3 or CF–8 steels and assume the values of 1 and
0, respectively, for CF–8M steels.  Equation 20 is applicable to compositions within ASTM
Specification A 351, with an upper limit  of 1.2 wt.%  for Mn content.  Actual Mn content is
used when materials contain up to 1.2 wt.% Mn; for steels that contain >1.2 wt.% Mn, 1.2
wt.% is assumed.  Furthermore, the values of Q predicted from Eq. 20 should be between
65 kJ/mole (15.5 kcal/mole) minimum and 250 kJ/mole (59.8 kcal/mole) maximum; Q is as-
sumed to be 65 kJ/mole if the predicted values are lower, and 250 kJ/mole if the predicted
values are higher.

Room–temperature impact energies of the various service–aged materials from the
Shippingport reactor were estimated from Eqs. 4–20.  The initial impact energy of the unaged
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Table 3. Measured and estimated Charpy–impact properties of cast stainless steel materials
from the Shippingport, KRB, and Ringhals reactors

Initial Impact
Energy
CVinta

Saturation Impact
Energy CVsat

( J / c m 2  [ft·lb])

Activation Energy
(kJ/mole [kcal/mole])

Calculated from

Service Time Impact
Energy CV

( J / c m 2  [ft·lb])
Material

ID
(J /cm2
[ f t · l b ] ) Meas. Estd.

Meas.
θb

Meas.
θ

Estd.
θc

β α Pd Meas. Estd.

Shippingport Cold Leg
CA4 188 (111) 64 (38) 59 (35) 2 .65 170 (41) 123 (29) 0 .252 0.822 2.632 145 (86) 155 (91)
CB7 – – 107 (63) – – 167 (40) – 1.028 – 183 (108 –
CC4 – – 71 (42) – – 166 (40) – 0.887 – 122 (72) –
PV 424 (250) – 106 (63) – – 98 (23) 0 .302 1.023 3.132 322 (190237 (140
Shippingport Hot Leg

MA1 320 (189) 141 (83)127 (75) 3 .40 164 (39) 200 (48) 0 .201 1.087 1.715 299 (176292 (172
MB2 – – 175 (10 – – 250 (60) – 1.198 – – –
Unaged Material

MA9 357 (210) 128 (76124 (73) 2 .70 216 (52) 202 (48) 0 .230 1.078 – 357 (210 –
VR 237 (140) 64 (38) 62 (37) 2 .40 207 (50) 171 (41) 0 .290 0.842 – 237 (140 –
KRB Pump Cover Plate

KRB 232 (137) 23 (14) 24 (14) 2 .44 156 (37) 123 (29) 0 .488 0.519 2.849 131 (77) 84 (50)
Ringhals Elbows

Hot–Leg 262 (155) – 56 (33) – – 121 (29) 0 .334 0.807 3.714 45 (27) 67 (40)
Xover–Leg 253 (149) – 65 (38) – – 122 (29) 0 .295 0.857 3.072 107 (63) 112 (66)
a Obtained from recovery–annealed material.
b Experimental values determined from material that was aged further at 400°C.
c The value of θ in Eq. 20 is 3.3 for <280°C, 2.9 for 280–330°C, and 2.5 for 330–360°C.
d Values correspond to activation energies obtained with estimated values of θ and the following service conditions:

Shippingport Cold–Leg Components: 113,900 h at 264°C.; Hot–Leg Components: 113,900 h at 281°C.
KRB Pump Cover Plate: 68,000 h at 284°C.
Ringhals Hot–Leg Elbow: 78,650 h at 325°C (70,000 h at 325°C and 22,000 h at 303°C).
Ringhals Crossover–Leg Elbow: 79,760 h at 291°C (70,000 h at 291°C and 22,000 h at 274°C).

materials was determined from the data for recovery–annealed material.  Some materials were
aged further in the laboratory at 320, 350, and 400°C (608, 662, and 752°F) to validate the
estimates of the saturation impact energy CVsat and kinetics of thermal embrittlement for the
materials.  The results are summarized in Table 3.  The change in estimated Charpy–impact
energy with aging time at temperatures between reactor service temperature and 400°C is
shown in Figs. 22–24.  The high–temperature aging data for CA4 and MA1 materials represent
service–aged material that was aged further in the laboratory; aging times were adjusted to in-
clude the effect of aging at reactor temperature.  For example, service of ≈13 y at a cold–leg
temperature o f 264°C corresponds to 234 h a t 400°C for the CA4 material, and service o f ≈13 y
at a hot–leg temperature of 281°C corresponds to 113 h at 400°C for MA1 material.

The changes in impact energy that were estimated from activation energies obtained with
experimental values of θ show very good agreement with the experimental data at all tempera-
tures; those estimated from activation energies with assumed values of θ show good agreement
at temperatures ≤360°C.

The impact energy for the main valve MA1 was estimated from the compositions of MA1
and   MA9  materials;   the  differences  in  the  compositions  of  the  two  materials  are  minor.
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Figure 22. Variations of estimated room–temperature Charpy–impact
energy with service time for Loop A cold–leg check valve CA4
and pump volute PV

Figures 23 and 24 show that, although the aging behavior at 400°C and the kinetics of
embrittlement for MA1 and MA9 are significantly different, the estimates based on MA1 and
MA9 agree well with the observed values for ≈13 y of service at 281°C.  The aging behavior
estimated from MA9 is slightly slower than that estimated from MA1.

The predicted minimum saturation RT impact energies also are in excellent agreement with
the experimental data.  The measured impact energies for the CA4, VR, MA1, and MA9
materials aged at 400°C achieve saturation at the predicted values.



3 1 NUREG/CR–6275

0

100

200

300

400

10 -2 1 0-1 1 00 1 01 1 02

281°C MA1
320°C
350°C
400°C
Expt. θ  (2.7)
θ  = 2.9 or 2.5

Service Time (y)

Im
pa

ct
 E

ne
rg

y,
 C

v (f
t·l

b)

0

50

Im
pa

ct
 E

ne
rg

y,
 C

v (J
/c

m
2 )

Loop A Hot–Leg 
Main Valve MA9
CF–8  δc = 5.1%

100

200

150

0

100

200

300

400

10 -2 1 0-1 1 00 1 01 1 02

320°C
350°C
400°C
Expt. θ  (2.4)
θ  = 2.9 or 2.5

Service Time (y)

Im
pa

ct
 E

ne
rg

y,
 C

v (f
t·l

b)

0

50

Im
pa

ct
 E

ne
rg

y,
 C

v (J
/c

m
2 ) Spare Pump Volute VR

CF–8  δc = 9.8%

100

200

150

Figure 23. Variations of estimated room–temperature Charpy–impact
energy with time for materials from cooler region of the
hot–leg main valve MA9 and spare pump volute VR

4.2 Fracture Toughness

The fracture toughness J–R curve for a specific cast SS can be estimated from its RT
Charpy–impact energy, CV.  The J–R curve is expressed by the power–law relation Jd = CΔan

per ASTM Specifications E 813–85 and E 1152–87.  At room temperature, the fracture tough-
ness J–R curve for static–cast CF–8 steel is given by

Jd = 49[CV]0.52[Δa]n, (21)
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Figure 24. Variation of estimated room–temperature Charpy–impact
energy with service time for Loop A hot–leg main valve MA1

where the exponent n is expressed as

n = 0.20 + 0.12log10[CV]; (22)

and for static–cast CF–8M steel, by

Jd = 16[CV]0.67[Δa]n, (23)

where the exponent n is expressed as

n = 0.23 + 0.08log10[CV]. (24)

At 290°C (554°F), the fracture toughness J–R curve for static–cast CF–8 steels is given by

Jd = 102[CV]0.28[Δa]n, (25)

where the exponent n is expressed as

n = 0.21 + 0.09log10[CV]; (26)

and for static–cast CF–8M steel, by

Jd = 49[CV]0.41[Δa]n, (27)

where the exponent n is expressed as

n = 0.23 + 0.06log10[CV]. (28)
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The J–R curve at any intermediate temperature can be linearly interpolated from the estimated
values of C and n at room temperature and at 290°C.

The fracture toughness J–R curves for the CA4, MA1, and PV materials after reactor ser-
vice were estimated from Eqs. 7–28 and RT Charpy–impact energies for the materials were de-
termined by the procedure described in Section 4.1.  For all materials, the saturation fracture
toughness J–R curve, i.e., the minimum J–R curve that would be achieved for the specific com-
position after long–term aging, was estimated from Eqs. 7–28 and saturation RT impact
energy, CVsat.  However, the initial fracture toughness J–R curve was used as an upper bound for
the material.  The correlations described in Eqs. 7–28 account for the degradation of
mechanical properties of typical heats of cast SS.  They do not consider the initial fracture
properties of the unaged material.  Some heats of cast SSs may exhibit a low initial fracture
toughness, and the estimated J–R curve may be higher than the initial curve.  When the
estimated J–R curve is higher than the initial fracture toughness J–R curve, the latter is used as
the J–R curve of the material.  The failure mechanism of materials with low initial fracture
toughness is controlled by processes other than those that cause thermal embrittlement of
cast SSs; such materials will undergo little or no change in fracture toughness because of
thermal aging during service.

The CMTR for a specific cast SS component provides information on chemical composition,
tensile strength, and possibly Charpy–impact energy of the material; fracture toughness is not
available in CMTRs.  The fracture toughness J–R curve for unaged material was obtained by
using the initial RT Charpy–impact energy, CVint, instead of CV in Eqs. 21–28.  The estimated
and experimental fracture toughness J–R curves at room temperature and at 290°C for the
CA4, MA1, PV, and VR materials in the unaged or recovery–annealed condition, after service,
and at saturation, are shown in Figs. 25–28.

The estimated J–R curves either show good agreement, e.g., CA4 and VR materials, or are
slightly lower (30–50%) than the experimental results, e.g., MA1 and PV materials.  The some-
what conservative estimates are expected for some compositions of cast SSs; the criteria used
in developing the estimation scheme ensure that the estimated mechanical properties are ade-
quately conservative for cast SSs as defined by ASTM Specification A–351.5–8  They do not
consider the effects of metallurgical differences that may arise from differences in production
heat treatment or casting processes and, therefore, may be overly conservative for some
steels.  The estimates are consistent with the experimental data.  For example, the estimation
scheme predicts relatively modest decreases in fracture toughness for the materials after
reactor service.  Also, the correlations predicted that the spare pump volute VR would exhibit
the observed saturation fracture toughness, which was lower than that for the other materials.

4.3 Tensile Properties

Thermal aging of cast SSs increases their tensile strength, particularly their ultimate stress.
The increase in yield or flow stress of aged cast SSs is estimated from a correlation between
the ratio of tensile yield or flow stress of aged, and unaged material and the aging parameter,
P.6,8  At room temperature, the tensile–flow–stress ratio Rf = (σfaged/σfunaged) for CF–8 steel is
given by

Rf = 0.84 + 0.08P (1.00 ≤ Rf ≤1.16); (29)



NUREG/CR–6275 3 4

0

500

1000

1500

2000

2500

3000

0 2 4 6 8 10

Annealed
13 y service at 264°C

D
ef

or
m

at
io

n 
J 

(in
.–

lb
/in

.2 )

D
ef

or
m

at
io

n 
J 

(k
J/

m
2 )

Cold–Leg Check Valve
CF–8  δc = 10.8%
290°C

Crack Extension, Δ a (mm)

Crack Extension Δ a (in.)

J = 419(Δa) 0.41
Service

J = 442(Δa) 0.41
Annealed

0.00 0.10 0.300.20

16000

12000

8000

4000

0

J = 319(Δa) 0.37
Saturation

0

500

1000

1500

2000

2500

3000

0 2 4 6 8 10

13 y service at 264°C
Aged 10,000 h at 400°C

D
ef

or
m

at
io

n 
J 

(in
.–

lb
/in

.2 )

D
ef

or
m

at
io

n 
J 

(k
J/

m
2 )

Cold–Leg Check Valve
CF–8  δc = 10.8%
Room Temp.

Crack Extension, Δ a (mm)

Crack Extension Δ a (in.)

J = 408(Δa) 0.41
Saturation

J = 675(Δa) 0.46
Service

0.00 0.10 0.300.20

16000

12000

8000

4000

0

J = 746(Δa) 0.47
Annealed

Figure 25. Estimated and measured fracture toughness J–R curves for the
cold–leg check valve in the annealed, 13–y service at 264°C, and
fully embrittled or saturation condition.  (Dashed, solid, and
chain–dot lines are the best–fit power–law J–R curves for annealed,
service–aged, and laboratory–aged materials, respectively.)
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Figure 26. Estimated and measured fracture toughness J–R curves for the
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Figure 27. Estimated and measured fracture toughness J–R curves for the
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J–R curves for unaged and laboratory–aged materials, respectively.)
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and for CF–8M steel, by

Rf = 0.77 + 0.10P (1.00 ≤ Rf ≤1.19). (30)

At 290°C (554°F), the tensile–flow–stress ratio for CF–8 steel is given by

Rf = 0.83 + 0.09P (1.00 ≤ Rf ≤1.14); (31)

and for CF–8M steel, by

Rf = 0.69 + 0.14P (1.00 ≤ Rf ≤1.24). (32)

The data on tensile properties of cast stainless steels indicate that the increase in yield stress
due to thermal aging is much lower than the increase in ultimate stress.  At room temperature,
the tensile–yield–stress ratio Ry = (σyaged/σyunaged) for CF–8 steel is given by

Ry = 0.798 + 0.076P (1.00 ≤ Ry ≤1.10); (33)

and for CF–8M steel, by

Ry = 0.708 + 0.092P (1.00 ≤ Ry ≤1.10). (34)

At 290°C (554°F), the tensile–yield–stress ratio for CF–8 steel is given by

Ry = 0.788 + 0.086P (1.00 ≤ Ry ≤1.09); (35)

and for CF–8M steel, by

Ry = 0.635 + 0.129P (1.00 ≤ Ry ≤1.14). (36)

The minimum and maximum values of the ratio Rf are given for each grade of steel and tem-
perature, i.e., a minimum or maximum value is assumed, respectively, when the calculated ratio
is smaller than the minimum or greater than the maximum.  Equations 29–36 are valid for
service temperatures between 280 and 330°C (536 and 626°F) and ferrite content >7% for
CF–8M steel and >10% for CF–3 and CF–8 steels.  Thermal aging has little or no effect on the
tensile strength of cast SSs with low ferrite content.

Experimental and estimated tensile yield and flow stress at 290°C (554°F) and at room
temperature for the various Shippingport materials are given in Table 4.  The materials from
the hot–leg main shutoff valve and cold–leg pump volute contain <10% ferrite and, therefore,
would show little or no increase in tensile strength.  As borne out by experimental data, the
tensile strength of these materials remains unchanged after service.  Although Eqs. 29–36 are
recommended for service temperatures between 280 and 330°C, the increase in tensile yield
and flow stress for the cold–leg check valve after service at 264°C and the spare pump volute
that was aged at 400°C in the laboratory was obtained from these correlations and Eqs. 17 and
20.  A θ value of 3.3 was used for the check valve.  The estimated values presented in Table 4
show good agreement with the measured values.

Fracture toughness JIC values for service–aged materials were determined from the esti-
mated J–R curve and flow stress, and are also given in Table 4.  The estimated values of JIC
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Table 4. Measured and estimated tensile yield and flow stresses and JIC values for service–
and laboratory–aged cast stainless steelsa

Material Test Yield Stress (MPa)b Flow Stress (MPa)b J IC (kJ/m2)
ID Temp. (°C) Unaged Measured Estimated Unaged Measured Estimated Measured Estimated

Service–Aged Material from the Shippingport Reactor
CA4 2 5 ( 2 0 8 ) 228 (222) 2 0 8 ( 3 6 3 ) 377 (382) 3 8 1 4 7 6 5 0 3

2 9 0 ( 1 2 5 ) 142 (128) 1 2 7 ( 2 4 6 ) 262 (245) 2 6 3 3 6 1 3 1 6

MA1 2 5 2 2 9 2 3 1 2 2 9 3 6 0 3 5 0 3 6 0 1 4 0 7 8 2 5
2 9 0 1 6 0 1 3 2 1 6 0 2 6 0 2 3 7 2 6 0 7 3 9 3 9 5

PV 2 5 ( 2 0 9 ) 230 (202) 2 0 9 ( 3 6 2 ) 370 (368) 3 6 2 1 5 0 9 6 9 9
2 9 0 ( 1 3 1 ) 157 (126) 1 3 1 ( 2 6 9 ) 266 (237) 2 6 9 8 5 8 3 6 2

Service–Aged Material from the KRB Reactor
KRB 2 5 2 9 8 2 9 6 3 0 2 4 2 8 4 2 8 4 5 7 263, 396 3 2 3

2 9 0 1 7 8 2 0 1 1 8 4 2 9 4 3 2 9 3 2 0 6 8 1 2 4 3

Service–Aged Material from the Ringhals 2
Reactor
Hot–
Leg

2 5 2 7 2 2 6 7 2 8 6 3 9 9 4 2 4 4 5 5 250, 330,
195, 150

1 6 9

2 9 0 1 6 7 1 6 3 1 8 6 2 7 7 3 0 6 3 3 5 – 1 9 2

Xover–L
eg

2 5 2 4 2 2 5 6 2 4 2 3 6 9 3 9 2 3 9 7 960, 525,
960, 600

2 5 2

2 9 0 1 8 4 1 4 8 1 9 0 2 9 0 2 7 7 3 2 5 – 2 4 3

Essentially Unaged Material from the Shippingport Reactor Aged for 10,000 h at 400°C in the Laboratory
MA9 2 5 2 2 9 2 3 6 2 2 9 3 6 0 3 7 2 3 6 0 1 0 9 4 4 4 2

2 9 0 1 6 0 1 4 4 1 6 0 2 6 0 2 6 0 2 6 0 6 2 9 2 9 4

VR 2 5 2 7 3 2 7 4 3 0 0 4 0 5 4 3 8 4 7 0 1 2 3 2 6 9
2 9 0 1 5 9 1 8 5 1 7 3 2 6 7 3 0 5 3 0 4 2 1 4 2 2 8

a The service conditions for the materials are as follows:
Shippingport Cold–Leg Components: 113,900 h at 264°C.
Shippingport Hot–Leg Components: 113,900 h at 281°C.
KRB Pump Cover Plate: 68,000 h at 284°C.
Ringhals Hot–Leg Elbow: 78,650 h at 325°C (70,000 h at 325°C and 22,000 h at 303°C).
Ringhals Crossover–Leg Elbow: 79,760 h at 291°C (70,000 h at 291°C and 22,000 h at 274°C).

b Baseline tensile properties of unaged materials were obtained as follows:
Values in parantheses were determined from instrumented Charpy–impact tests.
Experimental values of MA9 were used for MA1.
Values for KRB pump cover plate were determined from tensile tests on recovery–annealed material.

show very good agreement with the measured value for CA4 and VR materials and are 30–50%
lower for MA1, MA9, and PV materials.  As mentioned earlier in this section, these correlations
do not consider the effect of microstuctural differences and may be conservative for some
materials.

The engineering stress–vs.–strain behavior of aged cast stainless steel can also be obtained
from the estimated flow stress.6,8  The engineering stress–vs.–strain curve is expressed by the
Ramberg–Osgood equation

ε
εo

= σ
σo

+ α1
σ
σo

⎛
⎝⎜

⎞
⎠⎟
n1

, (37)
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where σ and ε are engineering stress and strain, respectively; σo is an arbitrary reference stress,
often assumed to be equal to flow or yield stress; the reference strain εo = σo/E; α1 and n1 are
Ramberg–Osgood parameters; and E is elastic modulus.  The Ramberg–Osgood equation can be
rearranged to the form

  

Eε – σ
σf

= α1
σ
σf

⎛

⎝
⎜

⎞

⎠
⎟

n1

. (38)

For all grades of cast stainless steel, the parameter n1 does not change with thermal aging.
The parameter α1 decreases with aging and shows good correlation with the flow stress σf of
the material.  For engineering stress–vs.–strain curves up to 5% strain, the Ramberg–Osgood
parameters at room temperature, for CF–8 steels, are given by

α1 = 157.9 – 0.300σf (n1 = 6.4); (39)

and for CF–8M steel, by

α1 = 50.9 – 0.0724σf (n1 = 5.6). (40)

At 290°C (554°F), the Ramberg–Osgood parameters for engineering stress–vs.–strain curves up
to 5% strain, for CF–8 steels, are given by

α1 = 153.3 – 0.373σf (n1 = 7.1); (41)

and for CF–8M steel, by

α1 = 145.9 – 0.314σf (n1 = 6.6). (42)

Estimated and measured tensile stress–vs.–strain curves at room temperature and at 290°C for
the various Shippingport materials are shown in Figs. 29–33.  Values of 200 GPa at room
temperature and 180 GPa at 290°C were used for elastic modulus E in Eq. 38.  The estimated
curves show excellent agreement with the experimental data.

5 Ringhals Reactor Elbows

Investigation of the hot– and crossover–leg elbows from the Ringhals reactor indicated
significant degradation of impact strength and fracture toughness of the hot–leg elbow after
15 y of service at 325°C, whereas the crossover–leg elbow in service at 291°C, showed only
moderate degradation.17  The mechanical properties of the Ringhals elbows were estimated
from the correlations presented in Section 4 for CF–8M steel that contained >10% Ni.
Information on the chemical composition and initial Charpy–impact energy and tensile strength
of the unaged materials was used in the estimations; θ was assumed to be 2.9.  The results for
Charpy–impact and tensile properties are summarized in Tables 3 and 4, respectively.

The experimental data and estimated decrease in impact energy for hot– and crossover–leg
elbows during service at 325 and 291°C, respectively, are shown in Fig. 34.  The estimated
value of 67 J/cm2 for the hot–leg elbow is marginally higher than the measured average values
of 45 J/cm2 (equivalent Charpy V–notch impact energy converted from U–notch value) and
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Figure 29. Estimated and measured tensile stress–vs.–strain curves at
room temperature and 290°C for the cold–leg check valve
after service for ≈13 y at 264°C
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Figure 30. Estimated and measured tensile stress–vs.–strain curves at
room temperature and 290°C for the hot–leg main shutoff
valve after service for ≈13 y at 281°C
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Figure 31. Estimated and measured tensile stress–vs.–strain curves at
room temperature and 290°C for the cold–leg pump volute
after service for ≈13 y at 264°C
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Figure 32. Estimated and measured tensile stress–vs.–strain curves at
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50  J / cm2 (from Charpy V–notch specimens).  The estimated 112 J/cm2 impact energy for
the crossover–leg agrees well with the 107 J/cm2 measured from U–notch specimens and is
significantly lower than the 177 J/cm2 obtained from V–notch specimens.  The difference
between the V– and U–notch impact energy for the crossover–leg elbow is most likely due to a
significant variation in the ferrite content of the material.  The saturation impact energies for
hot– and crossover–leg elbows are estimated to be 56 and 67 J/cm2, respectively.

Fracture toughness J–R curves can be estimated from the impact energy.  Room–tempera-
ture J–R curves for hot– and crossover–leg elbows after ≈15 y of service are shown in Fig. 35.
Only the experimental JIC values (not the complete J–R curve) have been reported for these
materials.17  The tensile yield and flow stresses and JIC at room temperature and 290°C for the
Ringhals elbows were also estimated by the procedure described in Section 4.3; the results are
given in Table 4.  The estimated tensile properties are in good agreement with the measured
values.  The JIC for the hot–leg elbow also is comparable to the measured value, whereas that
for the crossover–leg elbow is 50–70% lower.  As mentioned above, the ferrite content of the
crossover–leg elbow varies significantly.  Furthermore, the correlations do not consider the ef-
fect of microstuctural differences and may be conservative for some materials.

6 KRB Reactor Pump Cover Plate

The mechanical properties of the pump cover plate assembly from the KRB reactor were
also estimated from the correlations presented in Section 4.  The material was in service at
284°C for ≈8 y.  The results for Charpy–impact and tensile properties are summarized in Tables
3 and 4, respectively.  The variation of experimental and estimated RT Charpy–impact energy
with service time or after aging at 320, 350, and 400°C in the laboratory, is shown in Fig. 36.
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The estimated and measured tensile stress–vs.–strain curves for annealed and service–aged
material  are  presented  in  Fig. 37.   The  estimates  show  very  good  agreement  with  t he
test results.  Information on the chemical composition and initial Charpy–impact energy and
tensile strength of the unaged materials was used in these estimations.

Fracture toughness J–R curves for the material in the unaged or annealed condition, after
service for ≈8 y at 284°C and at saturation, were determined from the estimated impact ener-
gies for the specific aging condition and are shown in Fig. 38.  The JIC values at room
temperature and 290°C were also obtained from the estimated J–R curve and tensile flow
stress; results are given in Table 4.  The estimated fracture toughness shows good agreement
with the measured value at room temperature and is somewhat lower at 290°C.

7 Conclusions

Charpy-impact, tensile, and fracture toughness properties of several cast SS materials from
the Shippingport reactor have been characterized.  Baseline mechanical properties for the
unaged material were determined from tests on either recovery–annealed material, i.e., material
that had been annealed for 1 h at 550°C and then water quenched, or on material from a cooler
region of the component.  The Shippingport materials exhibit modest degradation of mechanical
properties because of the relatively low operating temperatures and/or low ferrite content of
the materials.

Thermal aging during ≈15 y of reactor service had no effect on yield stress and the in-
crease in ultimate stress is minimal for all materials.  The RT Charpy–impact energy decreased
from 188 t o 145 J/cm2 (111 t o 8 6 ft·lb) for the check valve CA4, from 320 t o 299 J/cm2 (189
t o 176 f t · l b )  for the main valve MA1, and from 424 t o 322 J/cm2 (250 t o 190 ft·lb) for the pump
volute PV.  However, the RT Charpy–impact energies of the materials are relatively high and the



4 9 NUREG/CR–6275

0

200

400

600

800

0 1 2 3 4 5 6

Annealed
68,000 h service at 284°C
Predicted Unaged
Predicted Aged

En
gi

ne
er

in
g 

St
re

ss
 (M

Pa
)

δc = 28%

KRB Reactor Pump Cover
CF–8

290°C

Engineering Strain (%)

En
gi

ne
er

in
g 

St
re

ss
 (k

si)

100

8 0

60

40

20

0

0

200

400

600

800

0 1 2 3 4 5 6

Annealed
68,000 h service at 284°C
Predicted Unaged
Predicted AgedEn

gi
ne

er
in

g 
St

re
ss

 (M
Pa

)

δc = 28%

KRB Reactor Pump Cover
CF–8

Room Temp.

Engineering Strain (%)

En
gi

ne
er

in
g 

St
re

ss
 (k

si)

100

8 0

60

40

20

0

Figure 37. Estimated and measured tensile stress–vs.–strain curves at
room temperature and 290°C for the KRB pump cover plate
in the annealed condition and after 8 y of service at 284°C



NUREG/CR–6275 5 0

0

500

1000

1500

2000

2500

3000

0 2 4 6 8 10

Service

D
ef

or
m

at
io

n 
J 

(in
.–

lb
/in

.2 )

D
ef

or
m

at
io

n 
J 

(k
J/

m
2 )

KRB Pump Cover Plate
CF–8  δc = 27.7%
290°C

Crack Extension, Δ a (mm)

Crack Extension Δ a (in.)

J = 250(Δa) 0.34
Saturation

J = 347(Δa) 0.38
Service

0.00 0.10 0.300.20

16000

12000

8000

4000

0

J = 469(Δa) 0.42
Annealed

0

500

1000

1500

2000

2500

3000

0 2 4 6 8 10

Annealed
Service 

D
ef

or
m

at
io

n 
J 

(in
.–

lb
/in

.2 )

D
ef

or
m

at
io

n 
J 

(k
J/

m
2 )

KRB Pump Cover Plate
CF–8  δc = 27.7%
Room Temp.

Crack Extension, Δ a (mm)

Crack Extension Δ a (in.)

J = 259(Δa) 0.37
Saturation

J = 491(Δa) 0.43
Service

0.00 0.10 0.300.20

16000

12000

8000

4000

0

J = 832(Δa) 0.48
Annealed

Figure 38. Estimated and measured fracture toughness J–R curve for the
KRB pump cover plate in the annealed or unaged condition, after
service, and at saturation.  (Dashed, solid, and chain–dot lines are
the estimated power–law J–R curves for annealed, service–aged,
and fully embrittled or aged material, respectively.)



5 1 NUREG/CR–6275

mid–shelf CTTs are very low.  The check valve materials CA4 and CB7 are weaker than the ma-
terial from the main valve MA1 and pump volute PV.  Also, the mid–shelf CTT is ≈100°C higher
for the check valves because of the presence of phase–boundary carbides that weaken the
phase boundaries and thereby promote failure by phase–boundary separation.  The results also
indicate that the decrease in fracture toughness from reactor service is minimal.

Some materials were aged further in the laboratory to obtain the kinetics of embrittlement
and determine the saturation or minimum fracture properties for the specific material.  The re-
sults indicate that the Shippingport cast SSs are not very susceptible to thermal embrittlement
at reactor operating temperatures.  Even at saturation or fully embrittled condition, the RT im-
pact energy of the materials is >60 J/cm2  (>35 ft·lb) and the RT Jd value is >600 kJ/m2

(>3400 in.–lb/in.2) at 5–mm crack extension.

The results are compared with estimations based on accelerated laboratory aging studies.
The procedure and correlations developed at ANL for estimating thermal aging degradation of
cast SSs predicted accurate or slightly conservative values for Charpy–impact energy, tensile
flow stress, fracture toughness J–R curve, and JIC for the Shippingport materials.  For example,
the correlations predicted only modest decreases in Charpy–impact energy and fracture
toughness of the materials after service.  The somewhat conservative estimates are expected
for some compositions of cast SSs because the criteria used in developing the estimation
scheme ensure that the estimated mechanical properties are adequately conservative for cast
SSs as defined by ASTM Specification A–351.  The correlations do not consider the effects of
metallurgical differences that may arise from differences in production heat treatment or
casting processes and, therefore, are somewhat conservative for some steels.  The correlations
successfully predicted the mechanical properties of the Ringhals reactor hot– and crossover–leg
elbows after ≈15 y of service and of the KRB reactor pump cover plate after ≈8 y of service.
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Appendix A

Charpy–Impact Energy

Charpy–impact tests were conducted on Charpy–impact V–notch specimens (Fig. A–1) ac-
cording to American Society for Testing and Materials (ASTM) Specification E 23.  A Dynatup
Model 8000A drop–weight impact machine with an instrumented tup and data readout system
was used for the Charpy–impact tests.  The available energy and impact velocity of the machine
can be varied by altering the weight of the crosshead and the drop height; maximum energy and
velocity obtainable with the machine were 1.3 kJ and 4 m/s, respectively.  Load– and en-
ergy–time data were obtained from an instrumented tup and recorded on a dual–beam storage
oscilloscope.  The instrumented tup consists of a striking head and a strain gauge with a
four–arm semiconductor bridge circuit.  The strain gauge, which measures the compressive load
on the tup during the test, was calibrated by a dynamic loading technique.  Initial and final
velocities of the tup were measured optically.  The load–time traces from each test were
digitized and stored on a floppy disk for analysis.  Total energy was computed from the
load–time trace; the value was corrected for the effects of tup velocity.

The instrumented tup and data readout instrumentation were periodically calibrated by
fracturing standard V–notch specimens fabricated from 6061–T6 aluminum and 4340 steel with
a hardness of Rockwell RC 54.  Amplifier gain was adjusted from the load– and energy–time
traces for the aluminum specimen so that the recorded load limit coincided with the load limit
for the material (i.e., 7.74 kN).  The linearity of the calibration was established from the results
for the 4340 steel specimen, which has a higher limit load.  Accuracy of the impact–test
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machine was also checked periodically with Standard Reference Materials 2092 and 2096 (with
Charpy–impact energies of 16.41 and 104.12 J, respectively) obtained from the National
Institute of Standards and Technology.  Tests on the reference materials were performed at
–40°C (–40°F) in accordance with the testing procedures of Section 11 of ASTM E 23.

The specimens for high–temperature tests were heated by resistance heating.  Pneumatic
clamps were used to make electrical connections and hold the specimens in position on the
anvils.  The anvils were electrically insulated from the base plate.  Power to the specimen was
interrupted immediately before impact to release the clamps and remove any constraint on the
specimen.  The temperature was monitored and controlled by a thermocouple attached to the
specimen.  Specimens for the low–temperature tests were cooled in either a refrigerated bath
or liquid nitrogen.

Charpy–impact test specimens were obtained from different locations across the thickness
of the various components.  Baseline mechanical properties for the unaged materials were ob-
tained from either the material from a cooler region of the component or from recovery–an-
nealed material, i.e., service–aged material that has been annealed for 1 h at 550°C (1022°F)
and then water–quenched.  Some materials were aged further in the laboratory, at 320, 350,
and 400°C (608, 662, and 752°F), to validate the estimates of the saturation impact energy
CVsat and activation energy for embrittlement of the materials.  The results are listed in Tables
A–1 and A–2.

The values of 0.2% yield and maximum load for each test are also listed in Tables A–1 and
A–2, and may be used for estimating tensile properties of the cast materials.  For a Charpy
specimen, the yield stress is estimated from the expression

σy = CPy B/Wb2 , (A–1)

taken from Ref. A–1, where Py is the yield load, W is the specimen width, B is the specimen
thickness, b is the uncracked ligament, and C is a constant.  The yield load was obtained from
the load–time traces of the Charpy tests.  Deviation from linearity in the load–time trace oc-
curred at 125–150 µs for the various heats.  The load at 200 µs was estimated to represent a
0.2% yield stress.  The actual time for 0.2% yield varies with the strain hardening rate of the
material; the load at 0.2% yield can be obtained from a power–law fit of the data.  The error in
the estimated values was <5% for the various tests.  The ultimate stress was also obtained
from the impact data by means of Eq. A–1 and the maximum load Pm.  The constant C was
determined by comparing the tensile and Charpy–impact data.  The best value of the constant
for yield stress was 1.50 for steels of all grades.  The constant for ultimate stress was 2.28 for
CF–3 and CF–8 steels and 2.54 for CF–8M steel.  The estimated values of tensile stress are
based on the assumption that strain rate effects are insignificant for the various heats and
aging conditions.  Equation A–1 should not be used for estimating ultimate stress at
temperatures corresponding to the lower–shelf and transition regions.
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Table A–1. Charpy–impact test results for cast stainless steel materials
from the Shippingport reactor

Specimen Material Temp. Impact Energy Yield Load Maximum Load
ID IDa ( ° C ) ( J / c m 2 ) ( f t · lb)b ( k N ) ( k i p ) ( k N ) ( k i p )

Reactor Servicec

CA43–01 CA4 –197 31.1 18.3 13.192 2.966 15.213 3.420
CA41–01 CA4 –100 28.1 16.6 12.391 2.786 12.391 2.786
CA43–03 CA4 –78 33.8 19.9 10.995 2.472 12.420 2.792
CA42–02 CA4 –50 114.1 67.3 11.522 2.590 17.332 3.896
CA42–01 CA4 –20 126.8 74.8 10.946 2.461 16.854 3.789
CA44–01 CA4   0 84.3 49.7 10.145 2.281 14.051 3.159
CA41–02 CA4  25 162.1 95.6 9 .354 2.103 15.535 3.492
CA44–02 CA4  25 128.5 75.8 9 .589 2.156 14.881 3.345
CA43–04 CA4  50 138.2 81.5 8 .427 1.894 13.211 2.970
CA43–02 CA4  75 202.8 119.7 7.948 1.787 13.582 3.053
CA41–03 CA4 1 2 5 281.4 166.0 7.118 1.600 13.123 2.950
CA44–03 CA4 2 0 0 183.3 108.1 6.142 1.381 11.473 2.579
CA42–03 CA4 2 9 0 179.0 105.6 5.546 1.247 9.891 2.224
CA43–05 CA4 2 9 0 178.9 105.6 5.390 1.212 10.419 2.342
CB72–01 CB7 –197 73.6 43.4 12.430 2.794 18.601 4.182
CB71–01 CB7 –100 83.8 49.4 11.717 2.634 16.531 3.716
CB72–02 CB7 –50 107.0 63.1 10.956 2.463 15.369 3.455
CB71–02 CB7 –20 142.4 84.0 10.262 2.307 16.922 3.804
CB73–01 CB7   0 211.2 124.6 8.983 2.019 15.428 3.468
CB71–03 CB7  25 162.4 95.8 9 .022 2.028 14.012 3.150
CB73–02 CB7  25 203.7 120.2 8.700 1.956 14.666 3.297
CB73–03 CB7  50 269.4 158.9 7.733 1.738 13.592 3.056
CB73–03 CB7  75 295.9 174.6 7.489 1.684 13.592 3.056
CB73–04 CB7 1 0 0 304.6 179.7 6.454 1.451 11.317 2.544
CB71–04 CB7 1 2 5 241.5 142.5 6.874 1.545 12.313 2.768
CB72–05 CB7 2 0 0 339.3 200.2 5.458 1.227 11.464 2.577
CB71–05 CB7 2 9 0 292.1 172.3 5.097 1.146 10.712 2.408
CB72–04 CB7 2 9 0 256.1 151.1 5.488 1.234 10.302 2.316
CC43–02 CC4 –197 26.5 15.6 12.850 2.878 12.850 2.889
CC44–01 CC4 –120 39.1 23.1 14.022 3.152 14.022 3.152
CC44–03 CC4 0 104.2 61.5 10.458 2.351 14.041 3.157
CC43–03 CC4 2 5 121.7 71.8 9 .686 2.177 14.198 3.192
CC44–02 CC4 1 2 5 216.3 127.6 7.079 1.591 12.186 2.740
CC43–01 CC4 2 9 0 306.3 180.7 5.605 1.260 11.239 2.527
MA11–05 MA1 –197 49.4 29.1 13.924 3.130 15.115 3.398
MA11–01 MA1 –100 190.6 112.5 13.026 2.928 21.902 4.924
MA11–02 MA1 –20 228.8 135.0 9.764 2.195 16.580 3.727
MA11–03 MA1  25 144.5 85.3 10.106 2.272 14.207 3.194
MA11–06 MA1  25 210.0 123.9 8.524 1.916 14.325 3.220
MA11–04 MA1 1 2 5 167.0 98.5 8 .671 1.949 12.889 2.898
MA12–01 MA1 –197 96.9 57.2 12.001 2.698 19.148 4.305
MA12–05 MA1 –120 149.3 88.1 11.649 2.619 18.631 4.188
MA13–04 MA1 –100 318.6 188.0 11.561 2.599 22.185 4.987
MA12–02 MA1 –50 281.1 165.8 10.887 2.447 18.025 4.052
MA13–01 MA1   0 293.7 173.3 10.399 2.338 16.346 3.675
MA12–06 MA1  25 279.2 164.7 8.817 1.982 14.959 3.363
MA13–02 MA1  25 337.6 199.2 9.237 2.077 15.877 3.569
MA13–05 MA1  25 280.7 165.6 9.032 2.030 15.174 3.411
MA12–03 MA1  75 249.0 146.9 7.577 1.703 13.143 2.955
MA13–06 MA1 1 2 5 269.3 158.9 6.532 1.468 12.284 2.762
MA12–07 MA1 2 0 0 227.8 134.4 5.468 1.229 11.063 2.487
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Table A–1. (Contd.)

Specimen Material Temp. Impact Energy Yield Load Maximum Load
ID IDa ( ° C ) ( J / c m 2 ) ( f t · lb)b ( k N ) ( k i p ) ( k N ) ( k i p )

MA13–07 MA1 2 0 0 231.7 136.7 6.786 1.526 11.551 2.597
MA12–04 MA1 2 9 0 197.6 116.6 6.318 1.420 10.594 2.382
MA13–08 MA1 2 9 0 175.2 103.4 5.156 1.159 9.940 2.235
MA91–01 MA9 –197 66.8 39.4 14.412 3.240 17.361 3.903
MA93–01 MA9 –197 106.2 62.7 12.625 2.838 19.617 4.410
MA92–01 MA9 –120 252.4 148.9 12.938 2.909 20.720 4.658
MA94–01 MA9 –120 116.2 68.6 11.766 2.645 16.746 3.765
MA91–02 MA9 –100 212.3 125.3 12.069 2.713 19.724 4.434
MA93–02 MA9 –100 210.7 124.3 11.317 2.544 19.168 4.309
MA92–02 MA9 –78 295.5 174.3 11.249 2.529 19.226 4.322
MA94–02 MA9 –78 181.2 106.9 10.184 2.289 18.562 4.173
MA91–03 MA9 –50 299.7 176.8 9.940 2.235 17.322 3.894
MA93–03 MA9 –50 314.7 185.7 10.878 2.445 18.006 4.048
MA92–03 MA9 –20 439.1 259.1 9.208 2.070 16.658 3.745
MA94–03 MA9 –20 411.6 242.8 9.872 2.219 16.805 3.778
MA92–04 MA9   0 332.7 196.3 8.661 1.947 14.910 3.352
MA94–04 MA9  10 370.2 218.4 8.915 2.004 14.852 3.339
MA91–04 MA9  25 350.2 206.6 8.515 1.914 15.233 3.425
MA93–04 MA9  25 408.6 241.1 8.993 2.022 15.223 3.422
MA92–05 MA9  75 316.7 186.9 7.401 1.664 13.465 3.027
MA94–05 MA9  75 312.1 184.1 7.226 1.624 13.270 2.983
MA91–05 MA9 1 2 5 338.5 199.7 7.011 1.576 13.192 2.966
MA92–06 MA9 1 2 5 259.8 153.3 6.718 1.510 11.971 2.691
MA93–05 MA9 1 2 5 314.2 185.4 6.601 1.484 11.522 2.590
MA94–06 MA9 2 0 0 251.3 148.3 5.497 1.236 11.444 2.573
MA91–06 MA9 2 9 0 246.4 145.4 5.927 1.332 9.852 2.215
MA93–06 MA9 2 9 0 235.3 138.8 5.380 1.209 9.901 2.226
PV1–01 PV –197 96.5 56.9 11.766 2.645 18.748 4.215
PV2–01 PV –197 136.0 80.2 10.790 2.426 20.730 4.660
PV3–01 PV –120 192.5 113.6 11.454 2.575 20.544 4.618
PV1–02 PV –100 256.4 151.3 11.522 2.590 19.841 4.460
PV2–02 PV –100 295.8 174.5 11.210 2.520 21.023 4.726
PV3–02 PV –50 277.4 163.7 10.311 2.318 19.099 4.294
PV1–03 PV –20 338.2 199.5 10.917 2.454 18.025 4.052
PV2–03 PV –20 374.2 220.8 9.970 2.241 17.781 3.997
PV1–04 PV 2 5 311.0 183.5 8.856 1.991 15.115 3.398
PV2–04 PV 2 5 316.9 187.0 8.817 1.982 15.106 3.396
PV3–03 PV 2 5 337.3 199.0 8.212 1.846 14.666 3.297
PV3–04 PV 7 5 411.4 242.7 7.851 1.765 14.159 3.183
PV1–05 PV 1 7 5 357.6 211.0 5.859 1.317 12.362 2.779
PV2–05 PV 1 7 5 342.1 201.8 6.240 1.403 11.229 2.524
PV3–05 PV 2 0 0 317.1 187.1 5.654 1.271 11.112 2.498
PV1–06 PV 2 9 0 193.5 114.2 5.468 1.229 10.360 2.329
PV2–06 PV 2 9 0 282.8 166.9 5.341 1.201 9.345 2.101
PV3–06 PV 2 9 0 275.6 162.6 5.322 1.196 9.550 2.147
PV6–01 PV –197 74.6 44.0 11.317 2.544 16.277 3.659
PV6–02 PV –100 192.5 113.6 11.454 2.575 20.544 4.618
PV6–03 PV –20 255.2 150.6 10.936 2.459 16.541 3.719
PV6–04 PV 2 5 262.4 154.8 9.335 2.099 15.496 3.484
PV6–05 PV 1 7 5 235.6 139.0 7.021 1.578 12.284 2.762
PV6–06 PV 2 9 0 278.6 164.4 6.327 1.422 10.507 2.362
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Table A–1. (Contd.)

Specimen Material Temp. Impact Energy Yield Load Maximum Load
ID IDa ( ° C ) ( J / c m 2 ) ( f t · lb)b ( k N ) ( k i p ) ( k N ) ( k i p )

Annealedd

CA42–10 CA4 –197 38.4 22.7 12.235 2.751 14.637 3.291
CA41–12 CA4 –120 72.7 42.9 12.293 2.764 17.478 3.929
CA44–08 CA4 –100 61.2 36.1 12.010 2.700 15.115 3.398
CA42–11 CA4 –50 93.1 54.9 10.770 2.421 16.443 3.697
CA43–11 CA4 –20 144.2 85.1 10.760 2.419 16.385 3.683
CA41–10 CA4 2 5 196.1 115.7 8.593 1.932 14.373 3.231
CA42–12 CA4 2 5 179.8 106.1 9.149 2.057 14.705 3.306
CA44–09 CA4 7 5 191.7 113.1 8.095 1.820 13.397 3.012
CA43–10 CA4 1 7 5 216.9 128.0 6.484 1.458 11.551 2.597
CA41–11 CA4 2 9 0 225.3 132.9 5.331 1.198 10.321 2.320
MA11–12 MA1 –196 66.9 39.5 12.167 2.735 14.598 3.282
MA11–11 MA1 –120 119.6 70.6 10.966 2.465 14.793 3.326
MA11–10 MA1 –80 186.7 110.2 10.760 2.419 17.752 3.991
MA11–09 MA1 –20 303.2 178.9 9.804 2.204 15.194 3.416
MA11–08 MA1 2 5 62.2 36.7 10.194 2.292 11.522 2.590
MA12–12 MA1 –196 156.3 92.2 12.235 2.751 21.540 4.842
MA12–11 MA1 –100 218.3 128.8 11.786 2.650 19.431 4.368
MA12–10 MA1 –50 294.7 173.9 10.243 2.303 16.736 3.762
MA13–12 MA1 0 336.1 198.3 9.003 2.024 15.526 3.490
MA12–09 MA1 2 5 267.1 157.6 8.476 1.905 13.768 3.095
MA13–11 MA1 7 5 334.9 197.6 8.026 1.804 13.133 2.952
MA12–09 MA1 1 0 0 369.3 217.9 6.923 1.556 12.645 2.843
MA13–10 MA1 2 0 0 261.6 154.3 6.376 1.433 11.922 2.680
MA13–09 MA1 2 9 0 254.0 149.9 4.492 1.010 9.638 2.167
MA91–15 MA9 –197 233.0 137.5 12.645 2.843 24.753 5.565
MA92–15 MA9 –120 290.7 171.5 10.741 2.415 19.695 4.428
MA94–16 MA9 –50 348.9 205.9 10.643 2.393 16.922 3.804
MA95–02 MA9 –20 344.1 203.0 10.956 2.463 16.824 3.782
MA95–01 MA9  25 388.1 229.0 9.286 2.088 14.276 3.209
MA94–17 MA9 1 7 5 332.9 196.4 5.976 1.343 12.030 2.704
MA95–12 MA9 2 9 0 278.5 164.3 5.781 1.300 9.774 2.197
PV1–09 PV –197 228.2 134.6 11.356 2.553 22.742 5.113
PV2–09 PV –197 233.4 137.7 10.995 2.472 22.107 4.970
PV1–10 PV –120 368.6 217.5 11.298 2.540 21.511 4.836
PV3–09 PV –120 270.7 159.7 10.887 2.447 18.797 4.226
PV1–11 PV –100 270.8 159.8 12.508 2.812 22.185 4.987
PV2–10 PV –100 160.3 94.6 11.063 2.487 16.902 3.800
PV2–11 PV –80 301.2 177.7 10.555 2.373 19.168 4.309
PV3–10 PV –80 269.3 158.9 10.262 2.307 18.416 4.140
PV3–11 PV –50 415.5 245.1 10.331 2.323 19.236 4.324
PV3–12 PV –20 322.4 190.2 9.999 2.248 15.526 3.490
PV2–12 PV 0 436.7 257.7 8.769 1.971 15.106 3.396
PV1–12 PV 2 5 404.6 238.7 9.032 2.030 13.885 3.121
PV2–13 PV 2 5 442.9 261.3 8.827 1.984 15.018 3.376
PV3–13 PV 7 5 375.9 221.8 7.597 1.708 13.368 3.005
PV1–13 PV 1 2 5 353.7 208.7 6.669 1.499 12.128 2.726
PV3–14 PV 2 9 0 309.1 182.4 5.576 1.254 11.444 2.573
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Table A–1. (Contd.)

Specimen Material Temp. Impact Energy Yield Load Maximum Load
ID IDa ( ° C ) ( J / c m 2 ) ( f t · lb)b ( k N ) ( k i p ) ( k N ) ( k i p )

Unaged Spare Volutee

VR1–02 VR –197 63.3 37.3 12.500 2.805 16.766 3.769
VR2–02 VR –120 133.3 78.6 13.534 3.043 21.091 4.741
VR2–04 VR –80 205.5 121.2 11.659 2.621 19.558 4.397
VR3–02 VR –50 240.8 142.1 13.172 2.961 20.349 4.575
VR1–03 VR 0 232.3 137.1 11.620 2.612 17.078 3.839
VR1–01 VR 2 5 200.0 118.0 12.479 2.805 16.766 3.769
VR3–01 VR 2 5 274.2 161.8 10.839 2.437 16.395 3.686
VR2–03 VR 7 5 194.2 114.6 9.374 2.107 13.006 2.924
VR2–01 VR 1 2 5 197.5 116.5 8.222 1.848 12.831 2.885
VR3–03 VR 1 2 5 341.3 201.4 7.851 1.765 13.504 3.036
VR3–04 VR 2 0 0 189.9 112.0 6.503 1.462 10.780 2.423
VR1–04 VR 2 9 0 263.5 155.5 6.200 1.394 10.341 2.325

Aged 10,000 h at 400°C
MA91-10 MA9 - 1 9 7 23.4 13.8 10.321 2.320 10.321 2.320
MA94-09 MA9 - 1 2 0 36.0 21.2 11.737 2.639 12.372 2.781
MA91-11 MA9 - 5 0 93.6 55.2 11.190 2.516 15.213 3.420
MA94-10 MA9 0 113.0 66.7 9.794 2.202 14.129 3.176
MA92-10 MA9 2 5 127.6 75.3 8.915 2.004 13.055 2.935
MA94-11 MA9 1 2 5 183.0 108.0 7.021 1.578 12.420 2.792
MA95-06 MA9 2 9 0 186.7 110.2 5.312 1.194 10.341 2.325

VR1-09 VR - 1 9 7 21.3 12.6 13.592 3.056 13.592 3.056
VR2-09 VR - 1 2 0 34.9 20.6 12.772 2.871 14.637 3.291
VR1-10 VR - 5 0 31.4 18.5 11.327 2.546 11.883 2.671
VR2-10 VR 0 73.7 43.5 11.044 2.483 14.582 3.278
VR1-11 VR 2 5 81.0 47.8 10.253 2.305 14.237 3.201
VR3-09 VR 2 5 64.0 37.8 10.653 2.395 13.084 2.941
VR2-11 VR 7 5 90.2 53.2 9 .403 2.114 13.299 2.990
VR3-10 VR 1 7 5 126.6 74.7 7 .382 1.660 12.674 2.849
VR3-11 VR 2 9 0 105.7 62.4 5 .995 1.348 10.536 2.369
a The first letter represents the type of component, C = cold–leg check valve, M = hot–leg

main shutoff valve, P = pump volute, and V = spare pump volute.
b Impact energy in ft·lb for a standard Charpy impact specimen.  To convert J/cm2 to

ft·lb multiply by 0.8 and divide by 1.355818.
c The components were at the operating temperature of 281°C for hot leg and 264°C for

cold leg for ≈13 y (113,900 h).
d Annealed at 550°C for 1 h and water quenched.
e In service only during the initial core loading and thus is essentially unaged.
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Table A–2. Room–temperature Charpy–impact data for Shippingport cast stainless steels
aged further in the laboratory

Specimen Material Aging Condition Impact Energy Yield Load Maximum Load
IDa IDb Temp. (°C) Time (h) ( J / c m 2 ) ( f t · lb)c ( k N ) ( k i p ) ( k N ) ( k i p )

CA41–10 CA4 Annealed – 196.1 115.7 8.593 1.932 14.373 3.231
CA42–12 CA4 Annealed – 179.8 106.1 9.149 2.057 14.705 3.306
CA41–02 CA4 Reactor Aged – 162.1 95.6 9 .354 2.103 15.535 3.492
CA44–02 CA4 Reactor Aged – 128.5 75.8 9 .589 2.156 14.881 3.345
CA41–04 CA4 3 5 0 9 8 6 114.8 67.7 9 .891 2.224 15.067 3.387
CA44–06 CA4 3 5 0 9 8 6 166.4 98.2 10.253 2.305 15.379 3.457
CA41–07 CA4 3 5 0 3 0 0 0 96.2 56.8 9 .618 2.162 14.285 3.211
CA42–07 CA4 3 5 0 3 0 0 0 120.8 71.3 9 .227 2.074 14.188 3.190
CA41–08 CA4 3 5 0 1 0 0 0 0 83.1 49.0 9 .755 2.193 14.159 3.183
CA42–08 CA4 3 5 0 1 0 0 0 0 115.7 68.3 9 .569 2.151 15.897 3.574
CA43–09 CA4 3 5 0 1 0 0 0 0 90.3 53.3 9 .188 2.065 13.309 2.992
CA41–09 CA4 4 0 0 3 1 2 114.1 67.3 9 .227 2.074 14.647 3.293
CA44–07 CA4 4 0 0 3 1 2 102.3 60.4 8 .876 1.995 13.905 3.126
CA41–06 CA4 4 0 0 9 8 6 84.0 49.6 9 .852 2.215 13.280 2.985
CA42–06 CA4 4 0 0 9 8 6 128.1 75.6 9 .833 2.211 15.223 3.422
CA41–05 CA4 4 0 0 3 0 0 0 61.9 36.5 10.302 2.316 12.840 2.887
CA42–05 CA4 4 0 0 3 0 0 0 103.2 60.9 9 .755 2.193 14.481 3.255
CA42–04 CA4 4 0 0 1 0 0 0 0 82.8 48.9 9 .589 2.156 13.905 3.126
CA43–06 CA4 4 0 0 1 0 0 0 0 80.2 47.3 9 .804 2.204 13.485 3.031
CA44–04 CA4 4 0 0 1 0 0 0 0 65.3 38.5 9 .774 2.197 12.616 2.836

CB71–03 CB7 Reactor Aged – 162.4 95.8 9 .022 2.028 14.012 3.150
CB73–02 CB7 Reactor Aged – 203.7 120.2 8.700 1.956 14.666 3.297
CB71–07 CB7 4 0 0 3 1 2 163.8 96.6 9 .657 2.171 14.940 3.359
CB73–09 CB7 4 0 0 3 1 2 263.9 155.7 8.798 1.978 14.988 3.369
CB71–08 CB7 4 0 0 9 8 6 158.4 93.5 9 .120 2.050 13.875 3.119
CB72–08 CB7 4 0 0 9 8 6 186.4 110.0 9.159 2.059 14.159 3.183
CB71–09 CA4 4 0 0 3 0 0 0 189.1 111.6 9.628 2.164 13.963 3.139
CB72–09 CA4 4 0 0 3 0 0 0 191.4 112.9 9.520 2.140 13.534 3.043

MA11–08 MA1 Annealed – 62.2 36.7 10.194 2.292 11.522 2.590
MA11–06 MA1 Reactor Aged – 210.0 123.9 8.524 1.916 14.325 3.220
MA11–04 MA1 Reactor Aged – 144.5 85.3 10.106 2.272 14.207 3.194
MA11–18 MA1 3 5 0 1 0 5 2 68.1 40.2 9 .364 2.105 11.610 2.610
MA11–17 MA1 3 5 0 2 9 8 7 159.2 93.9 9 .403 2.114 14.256 3.205
MA11–16 MA1 3 5 0 1 0 0 0 0 160.4 94.6 9 .716 2.184 14.539 3.268
MA11–19 MA1 4 0 0 3 7 9 56.3 33.2 9 .589 2.156 11.092 2.494
MA11–15 MA1 4 0 0 1 0 5 2 47.9 28.3 8 .632 1.941 9.833 2.211
MA11–14 MA1 4 0 0 2 9 8 7 96.3 56.8 10.428 2.344 13.885 3.121
MA11–20 MA1 4 0 0 2 9 8 7 58.1 34.3 9 .930 2.232 10.321 2.320
MA11–13 MA1 4 0 0 1 0 0 0 0 123.7 73.0 9 .198 2.068 13.758 3.093
MA11–25 MA1 4 0 0 1 0 0 0 0 138.2 81.5 9 .159 2.059 14.022 3.152
MA11–28 MA1 4 0 0 1 0 0 0 0 159.8 94.3 11.034 2.481 15.930 3.581

MA12–09 MA1 Annealed – 267.1 157.6 8.476 1.905 13.768 3.095
MA12–06 MA1 Reactor Aged – 279.2 164.7 8.817 1.982 14.959 3.363
MA13–02 MA1 Reactor Aged – 337.6 199.2 9.237 2.077 15.877 3.569
MA13–05 MA1 Reactor Aged – 280.7 165.6 9.032 2.030 15.174 3.411
MA12–18 MA1 3 5 0 1 0 5 2 280.2 165.3 8.524 1.916 14.598 3.282
MA13–18 MA1 3 5 0 1 0 5 2 253.3 149.4 8.612 1.936 14.715 3.308
MA12–17 MA1 3 5 0 2 9 8 7 304.8 179.8 8.739 1.965 14.783 3.323
MA13–17 MA1 3 5 0 2 9 8 7 234.7 138.5 9.794 2.202 15.203 3.418
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Table A–2. (Contd.).

Specimen Material Aging Condition Impact Energy Yield Load Maximum Load
IDa IDb Temp. (°C) Time (h) ( J / c m 2 ) ( f t · lb)c ( k N ) ( k i p ) ( k N ) ( k i p )

MA12–16 MA1 3 5 0 1 0 0 0 0 219.0 129.2 8.651 1.945 14.139 3.179
MA13–16 MA1 3 5 0 1 0 0 0 0
MA12–19 MA1 4 0 0 3 7 9 263.4 155.4 8.437 1.897 14.852 3.339
MA12–15 MA1 4 0 0 1 0 5 2 236.8 139.7 8.007 1.800 14.012 3.150
MA13–15 MA1 4 0 0 1 0 5 2 236.4 139.5 8.417 1.892 14.998 3.372
MA12–14 MA1 4 0 0 2 9 8 7 193.3 114.0 9.481 2.131 14.334 3.222
MA12–20 MA1 4 0 0 2 9 8 7 230.3 135.9 10.253 2.305 15.545 3.495
MA13–14 MA1 4 0 0 2 9 8 7 216.0 127.4 9.911 2.228 15.682 3.525
MA12–13 MA1 4 0 0 1 0 0 0 0 194.6 114.8 8.769 1.971 14.676 3.299
MA13–13 MA1 4 0 0 1 0 0 0 0 117.1 69.1 10.145 2.281 13.700 3.080
MA12–25 MA1 4 0 0 1 0 0 0 0 164.2 96.9 9 .120 2.050 14.246 3.203
MA12–26 MA1 4 0 0 1 0 0 0 0 189.4 111.7 8.642 1.943 13.983 3.144
MA12–27 MA1 4 0 0 1 0 0 0 0 239.2 141.1 8.856 1.991 15.067 3.387
MA12–28 MA1 4 0 0 1 0 0 0 0 211.0 124.5 8.612 1.936 14.862 3.341
MA13–22 MA1 4 0 0 1 0 0 0 0 142.5 84.1 9 .276 2.085 14.520 3.264
MA13–23 MA1 4 0 0 1 0 0 0 0 183.5 108.3 8.905 2.002 15.067 3.387
MA13–24 MA1 4 0 0 1 0 0 0 0 205.8 121.4 8.974 2.017 15.281 3.435

MA95–01 MA9 Annealed – 388.1 229.0 9.286 2.088 14.276 3.209
MA91–04 MA9 Reactor Aged – 350.2 206.6 8.515 1.914 15.233 3.425
MA93–04 MA9 Reactor Aged – 408.6 241.1 8.993 2.022 15.223 3.422
MA91–14 MA9 3 2 0 2 9 8 9 287.4 169.6 9.911 2.228 15.340 3.449
MA92–14 MA9 3 2 0 2 9 8 9 262.5 154.9 8.817 1.982 14.325 3.220
MA91–07 MA9 3 2 0 1 0 0 0 0 279.4 164.8 9.169 2.061 14.705 3.306
MA92–07 MA9 3 2 0 1 0 0 0 0 294.4 173.7 8.651 1.945 14.744 3.315
MA94–07 MA9 3 2 0 2 9 1 7 0 312.2 184.2 9.433 2.121 15.936 3.583
MA95–03 MA9 3 2 0 2 9 1 7 0 299.5 176.7 9.950 2.237 16.404 3.688
MA93–18 MA9 3 5 0 3 1 1 334.1 197.1 8.788 1.976 14.403 3.238
MA94–18 MA9 3 5 0 3 1 1 307.9 181.7 8.749 1.967 14.666 3.297
MA95–14 MA9 3 5 0 3 1 1 416.7 245.9 8.993 2.022 15.028 3.378
MA91–18 MA9 3 5 0 9 8 6 286.9 169.3 9.882 2.222 14.608 3.284
MA92–18 MA9 3 5 0 9 8 6 319.0 188.2 8.954 2.013 13.953 3.137
MA91–13 MA9 3 5 0 2 9 8 7 242.3 143.0 9.442 2.123 14.491 3.258
MA92–12 MA9 3 5 0 2 9 8 7 258.3 152.4 9.003 2.024 14.139 3.179
MA92–13 MA9 3 5 0 2 9 8 7 324.7 191.6 9.061 2.037 14.998 3.372
MA91–09 MA9 3 5 0 1 0 0 0 0 151.7 89.5 9 .999 2.248 15.399 3.462
MA94–08 MA9 3 5 0 1 0 0 0 0 198.2 116.9 8.964 2.015 14.569 3.275
MA91–17 MA9 4 0 0 1 1 5 303.8 179.2 9.188 2.066 14.471 3.253
MA92–17 MA9 4 0 0 1 1 5 390.2 230.2 8.192 1.842 14.442 3.247
MA93–15 MA9 4 0 0 3 1 2 243.1 143.4 8.358 1.879 14.647 3.293
MA95–11 MA9 4 0 0 3 1 2 222.8 131.5 9.188 2.066 14.471 3.253
MA91–16 MA9 4 0 0 9 8 6 186.5 110.0 9.520 2.140 15.018 3.376
MA92–16 MA9 4 0 0 9 8 6 199.7 117.8 9.354 2.103 14.315 3.218
MA93–14 MA9 4 0 0 2 9 8 7 205.4 121.2 9.423 2.118 14.832 3.334
MA94–14 MA9 4 0 0 2 9 8 7 158.4 93.5 9 .462 2.127 14.393 3.236
MA95–10 MA9 4 0 0 2 9 8 7 159.8 94.3 10.458 2.351 14.080 3.165
MA92–10 MA9 4 0 0 1 0 0 0 0 127.6 75.3 8 .915 2.004 13.055 2.935

VR1–01 VR Unaged – 200.0 118.0 12.479 2.805 16.766 3.769
VR3–01 VR Unaged – 274.2 161.8 10.839 2.437 16.395 3.686
VR1–13 VR 3 2 0 2 9 8 9 223.9 132.1 11.434 2.570 15.916 3.578
VR2–13 VR 3 2 0 2 9 8 9 271.9 160.4 10.477 2.355 16.746 3.765
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Table A–2. (Contd.).

Specimen Material Aging Condition Impact Energy Yield Load Maximum Load
IDa IDb Temp. (°C) Time (h) ( J / c m 2 ) ( f t · lb)c ( k N ) ( k i p ) ( k N ) ( k i p )

VR1–07 VR 3 2 0 1 0 0 0 0 187.9 110.9 10.370 2.331 15.672 3.523
VR2–07 VR 3 2 0 1 0 0 0 0 179.0 105.6 10.272 2.309 15.594 3.506
VR1–05 VR 3 2 0 2 9 1 7 0 152.5 90.0 10.702 2.406 16.854 3.789
VR2–05 VR 3 2 0 2 9 1 7 0 108.2 63.8 10.809 2.430 15.799 3.552
VR1–19 VR 3 5 0 3 1 1 193.5 114.2 10.438 2.347 15.242 3.427
VR2–19 VR 3 5 0 3 1 1 204.7 120.8 9.081 2.041 15.125 3.400
VR3–19 VR 3 5 0 3 1 1 242.5 143.1 9.061 2.037 15.194 3.416
VR1–20 VR 3 5 0 9 8 6 191.7 113.1 11.630 2.615 17.010 3.824
VR2–20 VR 3 5 0 9 8 6 184.7 109.0 10.887 2.447 16.629 3.738
VR1–14 VR 3 5 0 2 9 8 7 118.9 70.2 11.063 2.487 14.813 3.330
VR2–14 VR 3 5 0 2 9 8 7 124.9 73.7 10.516 2.364 14.481 3.255
VR3–14 VR 3 5 0 2 9 8 7 114.6 67.6 10.214 2.296 14.783 3.323
VR1–08 VR 3 5 0 1 0 0 0 0 68.1 40.2 10.380 2.334 12.821 2.882
VR2–08 VR 3 5 0 1 0 0 0 0 77.1 45.5 10.175 2.287 13.329 2.996
VR1–16 VR 4 0 0 1 1 5 172.5 101.8 9.930 2.232 15.242 3.427
VR4–01 VR 4 0 0 1 1 5 182.0 107.4 10.233 2.300 16.209 3.644
VR1–17 VR 4 0 0 3 1 2 106.2 62.7 10.653 2.395 14.754 3.317
VR4–02 VR 4 0 0 3 1 2 85.3 50.3 10.858 2.441 14.276 3.209
VR1–18 VR 4 0 0 9 8 6 82.5 48.7 11.727 2.636 14.344 3.225
VR2–18 VR 4 0 0 9 8 6 104.9 61.9 10.966 2.465 15.145 3.405
VR4–05 VR 4 0 0 9 8 6 81.2 47.9 11.483 2.581 16.229 3.648
VR1–15 VR 4 0 0 2 9 8 7 100.0 59.0 10.731 2.412 15.252 3.429
VR2–15 VR 4 0 0 2 9 8 7 94.3 55.6 10.946 2.461 15.242 3.427
VR3–15 VR 4 0 0 2 9 8 7 97.0 57.2 10.848 2.439 15.643 3.517
VR1–11 VR 4 0 0 1 0 0 0 0 81.0 47.8 10.253 2.305 14.237 3.201
VR3–09 VR 4 0 0 1 0 0 0 0 64.0 37.8 10.653 2.395 13.084 2.941

a The first letter represents the type of component, C = cold–leg check valve, M = hot–leg main shutoff
valve, P = pump volute, and V = spare pump volute.

b Materials MA1 and MA9 are from the same valve except the latter is from a cooler region of the valve.
Spare pump volute was in service only during the initial core loading and, thus, is essentially unaged.

c Impact energy in ft·lb for a standard Charpy–impact specimen.  To convert J/cm2 to ft·lb multiply by 0.8
and divide by 1.355818.
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Appendix B

Tensile Properties

Tensile tests were performed at room temperature and at 290°C (554°F) according to
ASTM Specification E 8 and E 21 in an Instron tensile test machine with a maximum loading
capacity of 90 kN (20 kips).  Cylindrical specimens with a diameter of 5.08 mm (0.2 in.) and a
gage length of 20.3 mm (0.8 in.), shown in Fig. B–1, were used for all of the tests.  An axial
extensometer, with an initial gage length of 20.3 mm (0.8 in.), was used for continuous
measurement of strain during RT tests.

Tests at elevated temperatures were conducted in a forced–air recirculating furnace, with a
clip gage mounted on the specimen grips.  Total strain in the specimen gage length was deter-
mined from correlations developed from RT tests conducted with both clip gages attached to
the specimen grips and the extensometer mounted on the specimen gage length.
Thermocouples were mounted above and below the specimen gage length to monitor and
control the temperature within ±2°C.  An IBM computer was used to digitize load, crosshead
movement, and axial displacement data, and store it on floppy disks.  Analog traces of
engineering stress–vs.–engineering stain were also obtained for each test.  The true fracture
stress was obtained from the fracture load and cross–sectional area at fracture.  Tensile test
data for the various materials are given in Table B–1.
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are inches
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Table B–1. Tensile test results for cast stainless stees from the Shippingport reactor

Test Engineering Stress True Elonga– Red. in
Specimen Temp. 0.2% Yield Ultimate Fracture Stress tion Area

IDa ( ° C ) (MPa) ( k s i ) (MPa) ( k s i ) (MPa) ( k s i ) ( % ) ( % )

Cold Leg Check Valvesb

CA41–T01 2 5 237.1 34.39 528.3 76.62 1268.7 184.01 63.5 66.0
CA41–T02 2 5 226.8 32.89 519.3 75.32 1404.0 203.63 57.9 73.7
CA42–T01 2 5 218.7 31.72 532.6 77.25 1466.0 212.63 60.3 68.6
CA41–T03 2 9 0 123.2 17.87 378.6 54.91 704.9 102.24 44.1 57.8
CA42–T02 2 9 0 132.2 19.17 370.2 53.69 – – 32.7 35.5
CA42–T03 2 9 0 169.9 24.64 396.3 57.48 731.3 106.07 35.9 54.0

PV1-T01 2 5 230.1 33.37 523.6 75.94 1407.4 204.13 67.8 75.1
PV2-T01 2 5 226.4 32.84 510.1 73.98 1502.5 217.92 56.6 84.9
PV3-T01 2 5 233.8 33.91 497.7 72.19 1494.1 216.70 50.0 85.0
PV1–T02 2 9 0 143.3 20.78 345.6 50.13 678.4 98.39 29.1 62.1
PV2–T02 2 9 0 177.5 25.74 408.8 59.29 515.6 74.78 39.8 37.9
PV3–T02 2 9 0 151.4 21.96 368.6 53.46 961.5 139.45 46.6 69.2

Hot Leg Main Shutoff Valvesc

MA11–T01 2 5 226.8 32.89 490.9 71.20 1659.4 240.68 40.2 82.0
MA11–T02 2 5 252.3 36.59 429.6 62.31 – – 22.8 30.9
MA12–T01 2 5 212.6 30.84 486.0 70.49 1374.7 199.38 27.4 73.6
MA11–T03 2 9 0 – – 275.9 40.02 – – 10.2 13.3
MA12–T02 2 9 0 129.6 18.80 330.9 47.99 520.0 75.42 32.6 47.6
MA12–T03 2 9 0 134.6 19.52 353.0 51.20 701.4 101.73 31.2 64.3

Unagedd

MA91-T01 2 5 221.1 32.07 479.9 69.60 1154.7 167.48 67.1 77.2
MA93-T01 2 5 237.5 34.45 500.8 72.63 1468.2 212.94 65.0 79.1
MA94–T01 2 9 0 161.3 23.39 410.4 59.52 646.8 93.81 37.5 46.1
MA92–T01 2 9 0 158.5 22.99 308.6 44.76 – – 24.6 41.7

VR1-T01 2 5 276.8 40.15 525.2 76.17 1182.1 171.45 42.9 75.8
VR2-T01 2 5 269.1 39.03 548.7 79.58 822.5 119.29 65.3 58.8
VR1–T02 2 9 0 166.3 24.12 388.8 56.39 630.5 91.45 32.1 51.1
VR3–T01 2 9 0 151.7 22.00 359.1 52.08 521.0 75.56 32.9 44.9

Aged 10,000 h at 400°C
MA92-T09 2 5 251.6 36.49 520.9 75.55 930.5 134.96 25.3 58.1
MA93-T09 2 5 221.1 32.07 495.0 71.79 1487.8 215.79 39.8 73.7
MA92–T11 2 9 0 148.2 21.49 367.9 53.36 603.0 87.46 37.0 50.6
MA93–T11 2 9 0 140.0 20.31 382.4 55.46 604.3 87.65 35.3 47.7

VR1-T03 2 5 – 51.42 678.0 98.34 1249.4 181.21 18.0 50.3
VR2-T03 2 5 276.9 40.16 611.6 88.71 813.4 117.97 45.0 44.0
VR3-T03 2 5 271.7 39.41 590.7 85.67 1238.2 179.59 36.4 57.7
VR2–T02 2 9 0 186.6 27.06 409.2 59.35 348.1 50.49 18.6 31.0
VR3–T02 2 9 0 182.8 26.51 441.8 64.08 604.4 87.66 26.2 35.1

a First two letters represent the material identification.
b In service for ≈13 y at 264°C.
c In service for ≈13 y at 281°C.
d Material from cooler region of the component or essentially unaged.
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Appendix C

J–R Curve Characterization

The J–R curve tests were performed according to ASTM Specifications E 813–85
(Standard Test Method for JIC, a Measure of Fracture Toughness) and E 1152–87 (Standard
Test Method for Determining J–R Curve).  Compact–tension (CT) specimens, 25.4 mm (1 in.)
thick with 10% side grooves, were used for the tests.  The CT specimen design, shown in Fig.
C–1, is similar to the specimen of ASTM Specification E 399, the notch region is modified in
accordance with E 813 and E 5112, to permit measurement of load–line displacement by axial
extensometer.  The extensometer was mounted on razor blades that were screwed onto the
specimen along the load line.

Prior to testing, the specimens were fatigue–precracked at room temperature and at load
levels within the linear elastic range.  The final ratio of crack length to width (a/W) after pre–
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Figure C–1. Configuration of compact–tension test specimen: units of measure
are inches
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cracking was ≈0.55.  The final 1–mm (≈0.04–in.) crack extension was carried out at a load
range of 13–1.3 kN (2.92–0.292 kip), i.e., during precracking Kmax was <25 MPa·m1/2 (22.6
ksi·in.1/2).  After precracking, all specimens were side–grooved by 20% of the total specimen
thickness, i.e., 10% per side, to ensure uniform crack growth during testing.

The J–R curve tests were performed on an Instron testing machine with 90 kN (20 kip)
maximum load capacity.  The load and load–line displacement data were digitized with digital
voltmeters and stored on a disk for posttest analysis and correction of test data.  The
single–specimen compliance procedure was used to estimate crack extension.  Rotation and
modulus corrections were applied to the compliance data.  Both deformation theory and
modified forms of the J integral were evaluated for each test.

After each test, the specimen was heated to 350°C to heat–tint the exposed fracture sur-
face.  The specimen was then fractured at liquid N temperature.  The initial (i.e., fatigue pre-
crack) and final (test) crack lengths were measured optically for both halves of the fractured
specimen.  The crack lengths were determined by the 9/8 averaging technique, i.e., the two
near–surface measurements were averaged and the resultant value was averaged with the re-
maining seven measurements.

The fracture toughness JIC values were determined in accordance with ASTM Specification
E 813–81 and E 813–85.  For the former, JIC is defined as the intersection of the blunting line
given by J = 2σfΔa, and the linear fit of the J–vs.–Δa test data between the 0.15– and 1.5–mm
exclusion lines.  The flow stress σ f, is the average of the 0.2% yield stress and the ultimate
stress.  The ASTM Specification E 813–85 procedure defines JIC as the intersection of the
0.2–mm offset line with the power–law fit (of the form J = CΔan) of the test data between the
exclusion lines.  J–R curve tests on cast stainless steels indicate that a slope of four times the
flow stress (4σf) for the blunting line expresses the J–vs.–Δa data better than the slope of 2σ f
defined in E 813–81 or E 813–85.  The fracture toughness JIC values were determined with the
4σf slope.

The tearing modulus was also evaluated for each test.  The tearing modulus is given by T =
E(dJ/da) /σf2, where E is the Young's modulus and σf is the flow stress.  The ASTM E 813–81
value of tearing modulus is determined from the slope dJ /da of the linear fit to the J–vs.–Δa
data.  For the power–law curve fits, an average value of dJ /da was calculatedC–1 to obtain the
average tearing modulus.

The fracture toughness results at room temperature and 290°C for service–aged material
from the cold–leg check valve CA4, hot–leg main shutoff valve MA1, and pump volute PV, and
relatively unaged material from the spare pump volute VR and cooler regions of the main
shutoff valve MA9, are given in Table C–1.  The test data, as well as an analysis and qualifica-
tion of the data, are presented in Tables C–2 to C–61.  Photographs of the fracture surface of
the test specimens and deformation and modified J–R curves for the various materials are
shown in Figs. C–2 to C–61.  The blunting, 0.2–mm offset, and 1.5–mm offset lines are shown
as dashed lines in the figures.

Data Analysis Procedures

The compliance method was used to determine the crack length during the tests.  The
Hudak–Saxena calibration equationC–2 was used to relate the specimen load–line elastic com-
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pliance Ci on an unloading/loading sequence with the crack length ai.  The compliance, i.e.,
slope (Δδ/ΔP) of the load–line displacement–vs.–load record obtained during the unload-
ing/loading sequence, is given by

  
ULL = 1

BeEeCi( )1/2 +1
(C–1)

and

ai W =1.000196 − 4.06319 ULL( ) +11.242 ULL( )2 −106.043 ULL( )3

  +464.335 ULL( )4 − 650.677 ULL( )5, (C–2)

where Ee is the effective elastic modulus, Be is the effective specimen thickness expressed as B
– (B – BN)2/B, and W is specimen width.

Both rotation and modulus corrections are applied to the compliance data.  The modulus
correctionC–2 is used to account for the uncertainties in testing, i.e., in the values of initial
crack length determined by compliance and measured optically.  The effective modulus EM is
determined from

  
Ee = 1

CoBe

W +ao

W - ao

⎛
⎝⎜

⎞
⎠⎟
1/2

f
ao

W
⎛
⎝

⎞
⎠ (C–3)

and

f
ao

W
⎛
⎝

⎞
⎠ = 2.163 +12.219

ao

W
⎛
⎝

⎞
⎠ -20.065

ao

W
⎛
⎝

⎞
⎠

2

− 0.9925
ao

W
⎛
⎝

⎞
⎠

3

+20.609
ao

W
⎛
⎝

⎞
⎠

4

− 9.9314
ao

W
⎛
⎝

⎞
⎠

5

, (C–4)

where Co is initial compliance, Be is effective specimen thickness, and ao is the initial physical
crack size measured optically.

To account for crack–opening displacement in CT specimens, the crack size should be cor-
rected for rotation.C–3  The corrected compliance is calculated from

  
θ = Sin−1 dm

2
+ D⎛

⎝
⎞
⎠ D2 + R2( )1/2⎡

⎣⎢
⎤
⎦⎥
− tan−1 D

R
⎛
⎝

⎞
⎠ (C–5)

and

  
Cc = Cm

H*

R
Sinθ −Cosθ⎛

⎝⎜
⎞
⎠⎟

D
R

Sinθ −Cosθ⎛
⎝

⎞
⎠

⎡

⎣
⎢

⎤

⎦
⎥ , (C–6)

where Cc and Cm are the corrected and measured elastic compliance at the load line, H* is the
initial half span of load points, R is the radius of rotation of the crack centerline (= (W+a)/2), a
is the updated crack length, D is one–half of the initial distance between the displacement
points (i.e., half gage length), dm is the total measured load–line displacement, and θ  is the
angle of rotation of a rigid–body element about the unbroken midsection line.
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The J value is calculated at any point on the load–vs.–load–line displacement record by
means of the relationship

  J = Jel + Jpl , (C–7)

where Jel is the elastic component of J and Jpl is the plastic component of J.  For a CT speci-
men, at a point corresponding to the coordinates Pi and δi on the specimen load–vs.–load–line
displacement record, ai is (a0 + Δai), and the deformation J is given by

  
Jd i( ) =

K i( )2
1− υ2( )
Ee

+ Jpl i( ) , (C–8)

where, from ASTM method E 399,

  
K i( ) = Pi

BBNW e( )1/2
⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
f

ai

W
⎛
⎝

⎞
⎠ , (C–9)

with

  
f

ai

W
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⎠ = 2 + ai
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(C–10)

and

  
Jpl i( ) = Jpl i-1( ) + ηi

bi

⎛
⎝⎜

⎞
⎠⎟
Apl i( ) − Apl i−1( )

BN

⎡

⎣
⎢

⎤

⎦
⎥ 1−

γ i
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⎛
⎝⎜

⎞
⎠⎟
ai − ai−1( )⎡

⎣
⎢

⎤

⎦
⎥, (C–11)

where υ is Poisson's ratio, b is the uncracked ligament, Apl is the plastic component of the area
under the load–vs.–load–line displacement record, and η ισ a factor that accounts for the tensile
component of the load as given by

  ηi = 2 + 0.522bi W , (C–12)

and γ, a factor that accounts for limited crack growth as given by

  γ i =1+ 0.76bi W . (C–13)

The modified J values (JM) are calculated from the relationship (from Ref. C–4)

JM i( ) = Jd i( ) + ΔJi , (C–14)

where

ΔJi = ΔJi-1 + γ i

bi

⎛
⎝⎜

⎞
⎠⎟
Jpl i( ) ai − ai−1( ) . (C–15)

According to ASTM Specification E 1152–87, the JD–R curves are valid only for crack growth up
to 10% of the initial uncracked ligament.  Also, they show a dependence on specimen size.  The
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JM–R curves have been demonstrated to be independent of specimen size and yield valid results
for larger crack growth.

Data Qualification

The various validity criteria specified in ASTM Specification E 813–85 for JIC and in ASTM
Specification E 1152–87 for J–R curves, were used to qualify the results from each test.  The
various criteria include maximum values of crack extension and J–integrals; limits for initial
uncracked ligaments, effective elastic modulus, and optically measured physical crack lengths;
and spacing of J–Δa data points.  The ω criterion (from Ref. C–5) was also used to ensure that a
region of J dominance exists.

For the present investigation, most of the unaged or service–aged specimens yielded in-
valid JIC values because of the relatively high toughness of the material.  The reasons for the
discrepancies are data–point spacing, shape of the final crack front, or size of the uncracked
ligament.  In general, the size of the uncracked ligament or the specimen thickness was inade-
quate because of the relatively high toughness of the material.  The Jmax limit for the J–vs.–Δa
data was ignored in most tests to obtain a good power–law fit of the test data.

All tests showed significant load relaxation during the unloading/reloading cycle for esti-
mating the crack length by elastic compliance.  All unloadings were 25% of the load.  The load
at the end of the unloading/reloading cycle was always lower than it was at the start of the
unloading cycle.  The difference was appreciable for the RT tests.  Therefore, the initial 20–30%
of the unloading curve was ignored in estimating crack length.
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Table C–2. Test data for specimen CA4–01T

Test Number : 0068 Test Temp. : 25°C
Material Type : CF–8 Heat Number : CA
Aging Temp. : 264°C Aging Time : 113,900 h
Spec. Thickness : 25.35 mm Net Thickness : 20.34 mm
Spec. Width : 50.82 mm Flow Stress : 377.10 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 11.57 11.61 0.1818 17.005 0.225
2 25.72 25.70 0.1164 20.151 0.376
3 42.36 42.53 0.2230 21.725 0.526
4 63.25 63.22 0.1595 22.992 0.708
5 88.31 87.80 0.0505 24.043 0.910
6 114.75 114.49 0.0914 24.859 1.115
7 147.16 146.23 0.0078 25.658 1.360
8 180.85 180.93 0.1083 26.322 1.610
9 215.68 215.26 0.0667 27.047 1.860
1 0 251.41 252.09 0.1440 27.680 2.114
1 1 285.83 288.39 0.2580 28.212 2.361
1 2 321.41 325.33 0.3304 28.698 2.610
1 3 359.53 363.24 0.3203 29.035 2.861
1 4 396.49 402.78 0.4305 29.381 3.112
1 5 434.71 441.37 0.4449 29.892 3.361
1 6 472.62 481.47 0.5224 30.197 3.610
1 7 511.96 522.14 0.5655 30.593 3.863
1 8 551.50 563.82 0.6300 30.734 4.117
1 9 588.38 605.10 0.7528 30.762 4.366
2 0 626.24 644.92 0.8042 30.766 4.609
2 1 661.23 690.99 1.0754 30.709 4.879
2 2 689.96 728.52 1.2798 30.486 5.109
2 3 724.47 770.15 1.4362 30.247 5.360
2 4 755.21 812.21 1.6725 30.278 5.609
2 5 790.56 853.49 1.7900 30.251 5.859
2 6 825.10 896.29 1.9458 30.198 6.110
2 7 864.69 938.04 1.9845 30.318 6.359
2 8 898.54 983.65 2.1855 29.997 6.618
2 9 930.48 1025.20 2.3431 29.926 6.864
3 0 968.85 1068.14 2.4147 29.891 7.117
3 1 1005.35 1110.42 2.5017 29.852 7.361
3 2 1047.91 1162.83 2.6430 29.947 7.660
3 3 1087.29 1215.67 2.8272 29.816 7.961
3 4 1128.79 1267.78 2.9664 29.710 8.261
3 5 1168.16 1321.31 3.1442 29.350 8.564
3 6 1223.55 1400.79 3.4291 28.998 9.011
3 7 1280.04 1469.89 3.5707 28.841 9.412
3 8 1345.43 1559.06 3.8215 28.325 9.912
3 9 1399.58 1647.93 4.1677 28.008 10.414
4 0 1469.38 1752.88 4.4962 27.516 11.012
4 1 1534.86 1858.68 4.8504 26.742 11.612
4 2 1587.69 1963.10 5.2789 25.823 12.214
4 3 1644.41 2064.12 5.6274 24.956 12.812
4 4 1708.70 2165.24 5.9021 24.432 13.413
4 5 1746.72 2266.44 6.3516 23.345 14.010
4 6 1778.46 2363.29 6.7955 22.583 14.606
4 7 1826.17 2460.15 7.1156 21.905 15.209
4 8 1866.97 2556.83 7.4643 21.336 15.803
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Table C–3. Deformation JIC and J–R curve results for specimen CA4–01T

Test Number : 0068 Test Temp. : 25°C
Material Type : CF–8 Heat Number : CA
Aging Temp. : 264°C Aging Time : 113,900 h
Spec. Thickness : 25.35 mm Net Thickness : 20.34 mm
Spec. Width : 50.82 mm Flow Stress : 377.10 MPa
Modulus E : 201.66 GPa (Effective)
Modulus E : 193.10 GPa (Nominal)
Init. Crack : 29.7156 mm Init. a/ w : 0.5848 (Measured)
Final Crack : 37.6594 mm Final a /w : 0.7411 (Measured)
Final Crack : 37.1799 mm Final a /w : 0.7317 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 362.721 kJ/m2 Slope M : 248.79 kJ/m2mm
Fit Coeff. R : 0.9711 (14 Data Points)
JIC : 434.4 kJ/m2 (2480.3 in.–lb/in.2 )
Δa (JIC) : 0.288 mm (0.0113 in.)
T Average : 352.8 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 631.76 kJ/m2 Exponent n : 0.4267
Fit Coeff. R : 0.9803 (14 Data Points)
JIC (0.20) : 476.3 kJ/m2 (2719.6 in.–lb/in.2 )
Δa (JIC) : 0.516 mm (0.0203 in.)
T Average : 342.1 (JIC at 0.20)
JIC (0.15) : 448.1 kJ/m2 (2558.7 in.–lb/in.2 )
Δa (JIC) : 0.447 mm (0.0176 in.)
T Average : 349.7 (JIC at 0.15)
Kj c : 416.9 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 530.44 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax  Ignored
Δa (max) Allowed : 2.071 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 7 Zone B = 4
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
ao Measurement : 9 Outside Limit
ao Measurement : 1 Outside Limit
af  Measurement : Near–surface Outside Limit
Crack Size Estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 383.47 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.110 mm (Δa=0.1bo)
Δa (max) Allowed : 3.995 mm (ω=5)
Data Points : Zone A = 19 Zone B = 8
Data Point Spacing : OK
J–R Curve Data : Invalid
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Table C–4. Modified JIC and J–R curve results for specimen CA4–01T

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 348.207 kJ/m2 Slope M : 291.92 kJ/m2mm
Fit Coeff. R : 0.9800 (14 Data Points)
JIC : 431.8 kJ/m2 (2465.5 in.–lb/in.2 )
Δa (JIC) : 0.286 mm (0.0113 in.)
T Average : 414.0 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 661.98 kJ/m2 Exponent n : 0.4726
Fit Coeff. R : 0.9861 (14 Data Points)
JIC (0.20) : 487.4 kJ/m2 (2783.0 in.–lb/in.2 )
Δa (JIC) : 0.523 mm (0.0206 in.)
T Average : 395.3 (JIC at 0.20)
JIC (0.15) : 454.5 kJ/m2 (2595.5 in.–lb/in.2 )
Δa (JIC) : 0.451 mm (0.0178 in.)
T Average : 403.5 (JIC at 0.15)
Kj c : 436.7 MPa–m0.5

Figure C–2. Fracture surface of the cold–leg check valve CA4
tested at room temperature after 13 y of
service at 264°C
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Table C–5. Test data for specimen CA4–02T

Test Number : 0118 Test Temp. : 25°C
Material Type : CF–8 Heat Number : CA4
Aging Temp. : 400°C Aging Time : 10,000 h
Spec. Thickness : 25.37 mm Net Thickness : 20.21 mm
Spec. Width : 50.83 mm Flow Stress : 391.50 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 13.15 13.15 - 0 . 0 1 4 2 18.339 0.253
2 39.06 39.05 - 0 . 0 1 7 5 22.886 0.504
3 75.24 75.14 - 0 . 0 4 4 7 25.528 0.805
4 114.89 114.70 - 0 . 0 5 9 3 27.161 1.106
5 156.29 157.49 0.1113 28.486 1.407
6 184.78 185.81 0.0939 29.332 1.609
7 214.05 216.10 0.1835 29.737 1.810
8 243.88 245.52 0.1525 30.389 2.008
9 274.46 277.47 0.2433 30.793 2.212
1 0 302.51 308.83 0.4407 31.337 2.409
1 1 333.02 339.75 0.4629 31.406 2.610
1 2 363.61 372.47 0.5667 31.636 2.810
1 3 393.01 404.98 0.7060 31.815 3.009
1 4 423.98 437.68 0.7772 31.964 3.211
1 5 454.88 470.54 0.8522 32.270 3.410
1 6 482.98 504.73 1.0688 31.907 3.611
1 7 511.76 537.12 1.1891 32.315 3.809
1 8 547.47 579.68 1.4006 32.199 4.059
1 9 583.81 622.16 1.5766 31.789 4.311
2 0 615.76 664.29 1.8499 31.382 4.559
2 1 653.80 713.02 2.1166 31.167 4.849
2 2 686.96 756.62 2.3618 30.899 5.109
2 3 729.27 807.05 2.5402 30.611 5.410
2 4 765.04 858.88 2.8714 30.468 5.710
2 5 806.57 908.89 3.0358 30.199 6.012
2 6 857.20 978.52 3.3770 29.744 6.411
2 7 904.82 1046.75 3.7220 29.074 6.813
2 8 950.91 1112.52 4.0310 28.497 7.206
2 9 1015.46 1197.04 4.3200 27.904 7.707
3 0 1058.96 1282.45 4.8867 26.693 8.208
3 1 1107.87 1378.94 5.4831 25.041 8.807
3 2 1154.52 1473.53 6.0447 24.472 9.407
3 3 1217.98 1567.02 6.3724 23.992 10.005
3 4 1281.94 1662.96 6.6979 23.301 10.606
3 5 1320.15 1758.46 7.2468 21.823 11.209
3 6 1350.21 1863.14 7.9197 20.353 11.911
3 7 1398.62 1962.83 8.3544 19.481 12.609
3 8 1427.55 2063.56 8.9290 17.744 13.310
3 9 1437.16 2155.22 9.5555 16.562 14.004
4 0 1478.57 2245.44 9.9090 15.873 14.706
4 1 1499.98 2337.17 10.3935 14.633 15.406
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Table C–6. Deformation JIC  and J–R curve results for specimen CA4-02T

Test Number : 0118 Test Temp : 25 °C
Material Type : CF-8 Heat Number : CA4
Aging Temp : 400 °C Aging Time : 10,000 h
Spec. Thickness : 25.37 mm Net Thickness : 20.21 mm
Spec. Width : 50.83 mm Flow Stress : 391.50 MPa
Modulus E : 188.37 GPa (Effective)
Modulus E : 200.00 GPa (Nominal)
Init. Crack : 28.6094 mm Init. a/ w : 0.5629 (Measured)
Final Crack : 40.7469 mm Final a /w : 0.8017 (Measured)
Final Crack : 39.0028 mm Final a /w : 0.7673 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 241.553 kJ/m2 Slope M : 216.31 kJ/m2mm
Fit Coeff. R : 0.9845 (11 Data Points)
JIC : 280.3 kJ/m2 (1600.4 in.–lb/in.2 )
Δa (JIC) : 0.179 mm (0.0070 in.)
T Average : 265.8 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 469.87 kJ/m2 Exponent n : 0.4734
Fit Coeff. R : 0.9943 (11 Data Points)
JIC(0.20) : 301.9 kJ/m2 (1724.0 in.–lb/in.2 )
Δa (JIC) : 0.393 mm (0.0155 in.)
T Average : 264.3 (JIC at 0.20)
JIC(0.15) : 276.7 kJ/m2 (1580.0 in.–lb/in.2 )
Δa (JIC) : 0.327 mm (0.0129 in.)
T Average : 270.4 (JIC at 0.15)
Kj c : 346.6 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 579.91 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 1.907 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 4 Zone B = 3
Data Point Spacing : OK
bnet. or bo Size : OK
dJ/da at JIC : OK
ao Measurement : 1 Outside Limit
Final Crack Shape : OK
Crack size estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 395.57 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.222 mm (Δa=0.1bo)
Δa (max) Allowed : 4.396 mm (ω=5)
Data Points : Zone A = 11 Zone B = 6
Data Point Spacing : Inadequate
J-R Curve Data : Invalid
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Table C–7. Modified JIC and J–R curve results for specimen CA4–02T

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 233.201 kJ/m2 Slope M : 245.81 kJ/m2mm
Fit Coeff. R : 0.9894 (11 Data Points)
JIC : 276.6 kJ/m2 (1579.6 in.–lb/in.2 )
Δa (JIC) : 0.177 mm (0.0070 in.)
T Average : 302.1 (J1c at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 491.57 kJ/m2 Exponent n : 0.5103
Fit Coeff. R : 0.9960 (11 Data Points)
JIC (0.20) : 306.2 kJ/m2 (1748.5 in.–lb/in.2 )
Δa (JIC) : 0.396 mm (0.0156 in.)
T Average : 296.4 (JIC at 0.20)
JIC (0.15) : 278.1 kJ/m2 (1588.2 in.–lb/in.2 )
Δa (Jic) : 0.328 mm (0.0129 in.)
T Average : 302.8 (JIC at 0.15)
Kj c : 360.4 MPa–m0.5

Figure C–5. Fracture surface of service–aged CA4 material
from the cold–leg check valve aged further for
10,000 h at 400°C and tested at 25°C
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Table C–8. Test data for specimen CA4–01B

Test Number : 0064 Test Temp. : 290°C
Material Type : CF–8 Heat Number : CA
Aging Temp. : 550°C Aging Time : 1 h
Spec. Thickness : 25.37 mm Net. Thickness : 20.33 mm
Spec. Width : 50.80 mm Flow Stress : 246.30 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 9.44 9.43 - 0 . 0 2 3 4 13.753 0.257
2 28.57 28.79 0.1610 16.375 0.510
3 53.58 53.51 0.0511 17.611 0.808
4 85.38 85.24 0.0348 18.721 1.157
5 118.76 118.73 0.0526 19.594 1.509
6 152.93 154.06 0.1895 20.222 1.862
7 188.91 188.90 0.0826 20.774 2.209
8 223.44 227.19 0.3793 21.401 2.561
9 261.94 263.82 0.2537 21.868 2.910
1 0 296.86 304.08 0.5658 22.248 3.261
1 1 336.25 344.01 0.5938 22.561 3.621
1 2 373.62 384.12 0.7191 22.867 3.964
1 3 411.74 424.77 0.8239 23.125 4.311
1 4 450.03 466.73 0.9613 23.239 4.662
1 5 490.03 508.44 1.0200 23.496 5.010
1 6 526.04 552.08 1.2618 23.708 5.360
1 7 572.89 593.63 1.1071 23.992 5.710
1 8 604.21 640.04 1.5180 23.954 6.063
1 9 654.38 680.99 1.2850 24.163 6.412
2 0 681.38 727.98 1.7625 24.236 6.759
2 1 728.53 769.83 1.6439 24.212 7.107
2 2 753.16 817.57 2.1348 24.017 7.458
2 3 794.97 860.11 2.1494 23.780 7.808
2 4 815.57 907.21 2.6585 23.500 8.159
2 5 849.30 950.25 2.8289 23.323 8.506
2 6 878.69 996.38 3.1216 23.125 8.857
2 7 906.39 1041.60 3.4148 22.837 9.207
2 8 945.98 1094.52 3.6264 22.364 9.619
2 9 975.27 1145.75 3.9596 22.079 10.012
3 0 1023.90 1209.84 4.1807 21.582 10.516
3 1 1070.69 1287.07 4.5895 21.269 11.110
3 2 1112.58 1364.25 5.0364 20.635 11.714
3 3 1158.09 1438.41 5.3790 19.982 12.310
3 4 1205.31 1526.53 5.8386 19.287 13.012
3 5 1242.99 1612.18 6.3479 18.539 13.710
3 6 1283.47 1696.59 6.7892 17.753 14.413
3 7 1307.39 1779.99 7.3584 17.086 15.112
3 8 1342.81 1861.46 7.7776 16.502 15.811
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Table C–9. Deformation JIC and J–R curve results for specimen CA4–01B

Test Number : 0064 Test Temp. : 290°C
Material Type : CF–8 Heat Number : CA
Aging Temp. : 550°C Aging Time : 1 h
Spec. Thickness : 25.37 mm Net. Thickness : 20.33 mm
Spec. Width : 50.80 mm Flow Stress : 246.30 MPa
Modulus E : 158.60 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 28.5063 mm Init. a/ w : 0.5611 (Measured)
Final Crack : 37.6250 mm Final a /w : 0.7406 (Measured)
Final Crack : 36.2839 mm Final a /w : 0.7142 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 178.882 kJ/m2 Slope M : 294.64 kJ/m2mm
Fit Coeff. R : 0.9605 (14 Data Points)
JIC : 255.2 kJ/m2 (1457.3 in.–lb/in.2 )
Δa (JIC) : 0.259 mm (0.0102 in.)
T Average : 767.4 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 475.94 kJ/m2 Exponent n : 0.6984
Fit Coeff. R : 0.9762 (14 Data Points)
JIC (0.20) : 291.7 kJ/m2 (1665.6 in.–lb/in.2 )
Δa (JIC) : 0.496 mm (0.0195 in.)
T Average : 790.3 (JIC at 0.20)
JIC (0.15) : 254.7 kJ/m2 (1454.4 in.–lb/in.2 )
Δa (JIC) : 0.409 mm (0.0161 in.)
T Average : 800.6 (JIC at 0.15)
Kj c : 371.6 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 366.10 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.387 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 4 Zone B = 3
Data Point Spacing : OK
bnet. or bo Size : Inadequate
dJ/da at JIC : OK
af Measurement : Near–surface Outside Limit
Initial Crack Shape : OK
Crack Size Estimate : Inadequate (by Compliance)
E Effective : Inadequate
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 250.40 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.230 mm (Δa=0.1bo)
Δa (max) Allowed : 6.226 mm (ω=5)
Data Points : Zone A = 21 Zone B = 1
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–10. Modified JIC and J–R curve results for specimen CA4–01B

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 179.004 kJ/m2 Slope M : 320.56 kJ/m2mm
Fit Coeff. R : 0.9673 (14 Data Points)
JIC : 265.3 kJ/m2 (1515.1 in.–lb/in.2 )
Δa (JIC) : 0.269 mm (0.0106 in.)
T Average : 834.9 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 500.42 kJ/m2 Exponent n : 0.7145
Fit Coeff. R : 0.9778 (14 Data Points)
JIC (0.20) : 312.3 kJ/m2 (1783.6 in.–lb/in.2 )
Δa (JIC) : 0.517 mm (0.0204 in.)
T Average : 845.5 (JIC at 0.20)
JIC (0.15) : 272.0 kJ/m2 (1553.4 in.–lb/in.2 )
Δa (JIC) : 0.426 mm (0.0168 in.)
T Average : 855.9 (JIC at 0.15)
Kj c : 388.3 MPa–m0.5

Figure C–8. Fracture surface of recovery–annealed material
from the cold–leg check valve CA4 tested at 290°C
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Table C–11. Test data for specimen CA4–02B

Test Number : 0065 Test Temp. : 290°C
Material Type : CF–8 Heat Number : CA
Aging Temp. : 264°C Aging Time : 113,900 h
Spec. Thickness : 25.37 mm Net. Thickness : 20.30 mm
Spec. Width : 50.80 mm Flow Stress : 251.10 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 7.42 7.41 –0.0503 12.495 0.262
2 20.60 20.69 0.0554 14.193 0.455
3 35.74 35.87 0.0819 15.220 0.659
4 51.63 51.75 0.0796 15.950 0.859
5 67.90 68.64 0.2515 16.622 1.058
6 90.30 89.97 0.0347 17.224 1.312
7 113.18 111.91 –0.1169 17.849 1.556
8 134.80 136.39 0.2590 18.354 1.809
9 158.95 159.04 0.0942 18.834 2.060
1 0 181.67 183.38 0.2480 19.247 2.301
1 1 213.90 212.98 0.0345 19.769 2.606
1 2 247.31 243.83 –0.1444 20.089 2.909
1 3 271.94 276.75 0.3755 20.562 3.209
1 4 304.30 306.96 0.2552 20.905 3.510
1 5 334.11 340.63 0.4496 21.247 3.810
1 6 364.73 373.69 0.5622 21.480 4.110
1 7 394.08 407.87 0.7661 21.729 4.410
1 8 427.80 441.49 0.7621 21.974 4.709
1 9 458.89 476.77 0.9131 22.197 5.008
2 0 493.65 511.76 0.9205 22.433 5.309
2 1 519.37 549.26 1.2886 22.535 5.613
2 2 551.92 583.92 1.3506 22.572 5.910
2 3 588.73 620.22 1.3366 22.609 6.211
2 4 615.36 657.90 1.6233 22.593 6.510
2 5 652.20 692.91 1.5784 22.670 6.806
2 6 671.68 733.07 2.0614 22.533 7.116
2 7 703.54 767.60 2.1208 22.499 7.409
2 8 728.66 812.71 2.5423 22.278 7.757
2 9 765.72 855.11 2.6491 22.009 8.107
3 0 794.90 906.37 3.0662 21.676 8.507
3 1 840.26 954.39 3.1137 21.610 8.905
3 2 867.30 1007.21 3.5503 21.239 9.311
3 3 909.20 1068.70 3.8622 20.760 9.807
3 4 949.05 1131.46 4.2061 20.246 10.311
3 5 991.94 1205.99 4.6509 19.737 10.909
3 6 1037.69 1278.64 5.0059 18.917 11.511
3 7 1070.75 1363.07 5.6427 18.110 12.210
3 8 1110.87 1444.01 6.1182 17.203 12.910
3 9 1148.95 1524.53 6.5846 16.654 13.607
4 0 1183.54 1604.70 7.0582 16.074 14.307
4 1 1217.87 1684.53 7.5061 15.465 15.011
4 2 1231.04 1762.46 8.1139 14.286 15.716
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Table C-12. Deformation JIC and J–R curve results for specimen CA4–02B

Test Number : 0065 Test Temp. : 290°C
Material Type : CF–8 Heat Number : CA
Aging Temp. : 264°C Aging Time : 113,900 h
Spec. Thickness : 25.37 mm Net. Thickness : 20.30 mm
Spec. Width : 50.80 mm Flow Stress : 251.10 MPa
Modulus E : 167.75 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 29.1094 mm Init. a/ w : 0.5730 (Measured)
Final Crack : 38.0859 mm Final a /w : 0.7497 (Measured)
Final Crack : 37.2233 mm Final a /w : 0.7327 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 264.390 kJ/m2 Slope M : 213.91 kJ/m2mm
Fit Coeff. R : 0.9692 (12 Data Points)
JIC : 335.9 kJ/m2 (1918.2 in.–lb/in.2 )
Δa (JIC) : 0.334 mm (0.0132 in.)
T Average : 569.1 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 483.95 kJ/m2 Exponent n : 0.5038
Fit Coeff. R : 0.9790 (12 Data Points)
JIC (0.20) : 361.2 kJ/m2 (2062.8 in.–lb/in.2 )
Δa (JIC) : 0.560 mm (0.0220 in.)
T Average : 567.5 (JIC at 0.20)
JIC (0.15) : 335.9 kJ/m2 (1918.1 in.–lb/in.2)
Δa (JIC) : 0.484 mm (0.0191 in.)
T Average : 578.3 (JIC at 0.15)
Kj c : 348.3 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 363.13 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.220 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 5 Zone B = 3
Data Point Spacing : OK
bnet. or bo Size : Inadequate
dJ/da at JIC : OK
af Measurement : Near–surface Outside Limit
Initial Crack Shape : OK
Crack Size Estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 254.89 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.169 mm (Δa=0.1bo)
Δa (max) Allowed : 4.650 mm (ω=5)
Data Points : Zone A = 21 Zone B = 3
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C-13. Modified JIC and J–R curve results for specimen CA4–02B

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 250.099 kJ/m2 Slope M : 249.63 kJ/m2mm
Fit Coeff. R : 0.9787 (12 Data Points)
JIC : 332.8 kJ/m2 (1900.4 in.–lb/in.2 )
Δa (JIC) : 0.331 mm (0.0130 in.)
T Average : 664.2 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 506.05 kJ/m2 Exponent n : 0.5519
Fit Coeff. R : 0.9843 (12 Data Points)
JIC (0.20) : 370.8 kJ/m2 (2117.1 in.–lb/in.2 )
Δa (JIC) : 0.569 mm (0.0224 in.)
T Average : 649.3 (JIC at 0.20)
JIC (0.15) : 341.3 kJ/m2 (1948.7 in.–lb/in.2 )
Δa (JIC) : 0.490 mm (0.0193 in.)
T Average : 660.6 (JIC at 0.15)
Kj c : 366.5 MPa–m0.5

Figure C–11. Fracture surface of the cold–leg check valve CA4
tested at 290°C after 13 y of service at 264°C
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Table C–14. Test data for specimen MA1–01T

Test Number : 0069 Test Temp. : 25°C
Material Type : CF–8 Heat Number : MA1
Aging Temp. : 281°C Aging Time : 113,000 h
Spec. Thickness : 25.37 mm Net Thickness : 20.35 mm
Spec. Width : 50.79 mm Flow Stress : 345.10 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 11.84 11.85 0.0128 16.366 0.252
2 30.78 30.80 0.0281 19.915 0.455
3 57.67 57.85 0.0881 21.696 0.705
4 92.85 92.53 –0.0170 23.015 1.008
5 137.27 136.91 –0.0232 24.195 1.369
6 179.84 180.98 0.1295 25.167 1.709
7 224.69 227.23 0.2399 25.867 2.060
8 272.46 273.87 0.1670 26.653 2.408
9 322.98 323.34 0.1101 27.361 2.760
1 0 372.52 374.12 0.1676 27.868 3.111
1 1 420.96 425.89 0.3026 28.473 3.461
1 2 473.76 476.84 0.2362 29.060 3.809
1 3 524.39 531.80 0.3755 29.563 4.160
1 4 601.71 601.56 0.1634 30.241 4.624
1 5 660.17 664.56 0.2786 30.627 5.006
1 6 723.89 730.60 0.3323 31.034 5.418
1 7 784.04 794.83 0.4188 31.560 5.808
1 8 846.69 861.36 0.4945 31.986 6.207
1 9 913.52 929.49 0.5182 32.232 6.611
2 0 976.92 998.26 0.6084 32.650 7.008
2 1 1039.11 1068.69 0.7378 33.060 7.410
2 2 1109.17 1138.75 0.7378 33.359 7.814
2 3 1170.34 1210.82 0.8887 33.456 8.211
2 4 1232.78 1282.49 1.0091 33.459 8.612
2 5 1300.03 1354.35 1.0660 33.766 9.012
2 6 1367.20 1427.95 1.1412 33.958 9.413
2 7 1423.26 1502.51 1.3473 33.789 9.811
2 8 1486.29 1576.52 1.4638 34.092 10.214
2 9 1558.63 1649.70 1.4724 34.080 10.610
3 0 1617.17 1727.00 1.6535 33.926 11.013
3 1 1673.27 1802.79 1.8362 33.766 11.419
3 2 1715.21 1877.10 2.1254 33.221 11.813
3 3 1761.51 1951.61 2.3682 32.666 12.218
3 4 1813.34 2023.95 2.5385 32.677 12.611
3 5 1870.65 2098.52 2.6765 32.558 13.011
3 6 1933.07 2193.93 2.9293 32.435 13.510
3 7 2021.26 2286.51 2.9613 32.257 14.011
3 8 2091.92 2405.15 3.2949 31.685 14.619
3 9 2157.06 2514.90 3.5917 30.825 15.209
4 0 2204.51 2625.72 3.9963 29.938 15.807
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Table C-15. Deformation JIC  and J–R curve results for specimen MA1–01T

Test Number : 0069 Test Temp. : 25°C
Material Type : CF–8 Heat Number : MA1
Aging Temp. : 281°C Aging Time : 113,000 h
Spec. Thickness : 25.37 mm Net Thickness : 20.35 mm
Spec. Width : 50.79 mm Flow Stress : 345.10 MPa
Modulus E : 171.88 GPa (Effective)
Modulus E : 193.10 GPa (Nominal)
Init. Crack : 29.5250 mm Init. a/ w : 0.5813 (Measured)
Final Crack : 35.0469 mm Final a /w : 0.6901 (Measured)
Final Crack : 33.5213 mm Final a /w : 0.6600 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 1033.794 kJ/m2 Slope M : 321.35 kJ/m2mm
Fit Coeff. R : 0.9804 (11 Data Points)
JIC : 1347.5 kJ/m2 (7694.4 in.–lb/in.2 )
Δa (JIC) : 0.976 mm (0.0384 in.)
T Average : 463.8 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1306.41 kJ/m2 Exponent n : 0.3742
Fit Coeff. R : 0.9824 (11 Data Points)
JIC (0.20) : 1407.0 kJ/m2 (8034.4 in.–lb/in.2 )
Δa (JIC) : 1.219 mm (0.0480 in.)
T Average : 456.3 (JIC at 0.20)
JIC (0.15) : 1374.7 kJ/m2 (7849.9 in.–lb/in.2 )
Δa (JIC) : 1.146 mm (0.0451 in.)
T Average : 462.5 (JIC at 0.15)
Kj c : 578.8 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 489.17 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax  Ignored
Δa (max) Allowed : 2.912 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 5 Zone B = 4
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
ao Measurement : 6 Outside Limit
af  Measurement : Near–surface Outside Limit
Crack Size Estimate : Inadequate (by Compliance)
E Effective : Inadequate
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 351.05 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.126 mm (Δa=0.1bo)
Δa (max) Allowed : 3.536 mm (ω=5)
Data Points : Zone A = 38 Zone B = 0
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C-16. Modified JIC and J–R curve results for specimen MA1–01T

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 991.938 kJ/m2 Slope M : 418.39 kJ/m2mm
Fit Coeff. R : 0.9887 (11 Data Points)
JIC : 1423.3 kJ/m2 (8127.6 in.–lb/in.2 )
Δa (JIC) : 1.031 mm (0.0406 in.)
T Average : 603.8 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1340.18 kJ/m2 Exponent n : 0.4620
Fit Coeff. R : 0.9883 (11 Data Points)
JIC (0.20) : 1509.3 kJ/m2 (8618.4 in.–lb/in.2 )
Δa (JIC) : 1.293 mm (0.0509 in.)
T Average : 590.5 (JIC at 0.20)
JIC (0.15) : 1463.8 kJ/m2 (8358.4 in.–lb/in.2 )
Δa (JIC) : 1.210 mm (0.0477 in.)
T Average : 597.8 (JIC at 0.15)
Kj c : 625.6 MPa–m0.5

Figure C–14. Fracture surface of the hot–leg main shutoff
valve MA1 tested at room temperature after
13 y of service at 281°C
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Table C–17. Test data for specimen MA1–01B

Test Number : 0067 Test Temp. : 290°C
Material Type : CF–8 Heat Number : MA1
Aging Temp. : 281°C Aging Time : 113,900 h
Spec. Thickness : 25.37 mm Net. Thickness : 20.38 mm
Spec. Width : 50.80 mm Flow Stress : 237.00 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 9.39 9.38 –0.0214 11.823 0.254
2 26.52 26.36 –0.1457 13.772 0.508
3 49.22 49.79 0.1382 14.947 0.808
4 72.96 73.75 0.1933 15.643 1.109
5 98.15 99.05 0.2142 16.339 1.409
6 129.56 129.63 0.1026 16.977 1.759
7 161.91 161.65 0.0677 17.485 2.109
8 199.41 199.61 0.1067 18.030 2.510
9 236.99 238.51 0.1997 18.655 2.909
1 0 277.42 278.16 0.1535 19.138 3.309
1 1 316.18 320.03 0.3158 19.646 3.710
1 2 359.11 361.24 0.2369 20.093 4.108
1 3 398.27 405.57 0.4489 20.452 4.508
1 4 433.97 436.72 0.2768 20.754 4.805
1 5 466.85 471.89 0.3568 21.003 5.111
1 6 495.41 506.75 0.5626 21.339 5.414
1 7 535.57 538.65 0.3118 21.508 5.709
1 8 562.16 576.16 0.6243 21.654 6.013
1 9 615.62 620.49 0.3843 21.970 6.413
2 0 650.45 670.24 0.7502 22.151 6.809
2 1 690.95 717.47 0.9047 22.282 7.209
2 2 735.36 765.99 0.9930 22.500 7.608
2 3 780.98 822.66 1.2140 22.620 8.059
2 4 838.06 878.38 1.1886 22.737 8.513
2 5 889.51 942.46 1.4082 22.542 9.010
2 6 944.76 1004.02 1.5108 21.984 9.508
2 7 980.62 1080.44 2.1305 21.605 10.112
2 8 1012.14 1153.63 2.7324 21.232 10.709
2 9 1079.84 1224.93 2.7809 20.460 11.309
3 0 1096.91 1299.61 3.5203 19.713 11.907
3 1 1124.54 1369.97 4.0426 19.155 12.510
3 2 1173.30 1440.84 4.2982 18.779 13.111
3 3 1215.49 1513.82 4.6361 18.569 13.710
3 4 1265.56 1586.37 4.8704 18.530 14.310
3 5 1313.76 1660.67 5.1287 18.154 14.912
3 6 1355.27 1733.76 5.4269 17.716 15.511
3 7 1379.60 1806.70 5.8673 17.041 16.113
3 8 1393.61 1877.15 6.3600 16.503 16.714
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Table C–18. Deformation JIC and J–R curve results for specimen MA1–01B

Test Number : 0067 Test Temp. : 290°C
Material Type : CF–8 Heat Number : MA1
Aging Temp. : 281°C Aging Time : 113,900 h
Spec. Thickness : 25.37 mm Net. Thickness : 20.38 mm
Spec. Width : 50.80 mm Flow Stress : 237.00 MPa
Modulus E : 150.48 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 30.0063 mm Init. a/ w : 0.5907 (Measured)
Final Crack : 37.8844 mm Final a /w : 0.7458 (Measured)
Final Crack : 36.3663 mm Final a /w : 0.7159 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 517.242 kJ/m2 Slope M : 239.53 kJ/m2mm
Fit Coeff. R : 0.9099 (7 Data Points)
JIC : 692.1 kJ/m2 (3952.1 in.–lb/in.2 )
Δa (JIC) : 0.730 mm (0.0287 in.)
T Average : 641.7 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 745.68 kJ/m2 Exponent n : 0.4291
Fit Coeff. R : 0.9422 (7 Data Points)
JIC (0.20) : 739.1 kJ/m2 (4220.6 in.–lb/in.2 )
Δa (JIC) : 0.980 mm (0.0386 in.)
T Average : 617.5 (JIC at 0.20)
JIC (0.15) : 713.7 kJ/m2 (4075.2 in.–lb/in.2 )
Δa (JIC) : 0.903 mm (0.0355 in.)
T Average : 627.0 (JIC at 0.15)
Kj c : 414.7 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 328.46 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax  Ignored
Δa (max) Allowed : 2.706 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 5 Zone B = 1
Data Point Spacing : OK
bnet. or bo Size : Inadequate
dJ/da at JIC : OK
ao Measurement : 9 Outside Limit
Final Crack Shape : OK
Crack Size Estimate : Inadequate (by Compliance)
E Effective : Inadequate
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 241.48 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.079 mm (Δa=0.1bo)
Δa (max) Allowed : 4.014 mm (ω=5)
Data Points : Zone A = 27 Zone B = 0
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–19. Modified JIC and J–R curve results for specimen MA–01B

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 573.082 kJ/m2 Slope M : 241.16 kJ/m2mm
Fit Coeff. R : 0.9658 (7 Data Points)
JIC : 768.6 kJ/m2 (4388.9 in.–lb/in.2 )
Δa (JIC) : 0.811 mm (0.0319 in.)
T Average : 646.1 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 791.71 kJ/m2 Exponent n : 0.4383
Fit Coeff. R : 0.9735 (7 Data Points)
JIC (0.20) : 810.5 kJ/m2 (4628.1 in.–lb/in.2 )
Δa (JIC) : 1.055 mm (0.0415 in.)
T Average : 654.3 (JIC at 0.20)
JIC (0.15) : 783.5 kJ/m2 (4473.9 in.–lb/in.2 )
Δa (JIC) : 0.976 mm (0.0384 in.)
T Average : 663.7 (JIC at 0.15)
Kj c : 433.0 MPa–m0.5

Figure C–17. Fracture surface of the hot–leg main shutoff valve
MA1 tested at 290°C after 13 y of service at
281°C
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Table C–20. Test data for specimen MA9–01I

Test Number : 0083 Test Temp. : 25°C
Material Type : CF–8 Heat Number : MA9
Aging Temp. : 25°C Aging Time : 0 h
Spec. Thickness : 25.34 mm Net Thickness : 20.27 mm
Spec. Width : 50.81 mm Flow Stress : 366.00 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 16.82 16.83 0.0255 19.187 0.304
2 46.22 46.21 0.0167 22.320 0.607
3 78.35 78.63 0.0964 23.812 0.908
4 112.35 113.19 0.1986 24.799 1.214
5 147.36 147.02 0.0393 25.494 1.510
6 184.39 184.23 0.0571 26.045 1.816
7 219.75 220.54 0.1414 26.670 2.110
8 270.35 270.76 0.1141 27.718 2.510
9 321.69 323.39 0.1902 28.289 2.913
1 0 386.89 389.70 0.2442 29.109 3.409
1 1 455.87 458.36 0.2312 29.822 3.909
1 2 529.20 528.65 0.1244 30.726 4.410
1 3 596.68 602.53 0.3218 31.378 4.910
1 4 668.64 676.56 0.3786 32.067 5.413
1 5 748.51 752.16 0.2739 32.792 5.916
1 6 820.70 830.46 0.4098 33.497 6.412
1 7 899.51 908.72 0.3985 34.290 6.911
1 8 977.70 990.46 0.4645 34.755 7.414
1 9 1059.12 1071.90 0.4647 35.147 7.911
2 0 1137.47 1157.32 0.5769 35.540 8.418
2 1 1214.16 1240.75 0.6763 36.110 8.910
2 2 1307.18 1326.67 0.5789 36.579 9.418
2 3 1382.19 1413.97 0.7377 36.800 9.909
2 4 1459.66 1501.96 0.8660 37.299 10.410
2 5 1523.38 1572.78 0.9487 37.677 10.809
2 6 1612.05 1692.10 1.2824 37.832 11.459
2 7 1724.81 1788.62 1.1166 38.341 12.009
2 8 1813.65 1905.24 1.3840 38.224 12.619
2 9 1886.33 2015.73 1.7299 38.100 13.212
3 0 1969.53 2127.08 1.9742 37.492 13.815
3 1 2041.85 2243.89 2.3420 36.888 14.440
3 2 2110.11 2349.54 2.6381 36.658 15.014
3 3 2161.14 2460.99 3.0974 35.475 15.614
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Table C–21. Deformation JIC and J–R curve results for specimen MA9–01I

Test Number : 0083 Test Temp. : 25°C
Material Type : CF–8 Heat Number : MA9
Aging Temp. : 25°C Aging Time : 0 h
Spec. Thickness : 25.34 mm Net Thickness : 20.27 mm
Spec. Width : 50.81 mm Flow Stress : 366.00 MPa
Modulus E : 147.60 GPa (Effective)
Modulus E : 193.10 GPa (Nominal)
Init. Crack : 26.5500 mm Init. a/ w : 0.5226 (Measured)
Final Crack : 32.6188 mm Final a /w : 0.6420 (Measured)
Final Crack : 29.6474 mm Final a /w : 0.5835 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 1221.790 kJ/m2 Slope M : 352.27 kJ/m2mm
Fit Coeff. R : 0.9616 (5 Data Points)
JIC : 1608.9 kJ/m2 (9187.3 in.–lb/in.2 )
Δa (JIC) : 1.099 mm (0.0433 in.)
T Average : 388.1 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1504.13 kJ/m2 Exponent n : 0.3667
Fit Coeff. R : 0.9786 (5 Data Points)
JIC (0.20) : 1677.1 kJ/m2 (9576.5 in.–lb/in.2 )
Δa (JIC) : 1.346 mm (0.0530 in.)
T Average : 375.4 (JIC at 0.20)
JIC (0.15) : 1643.0 kJ/m2 (9381.9 in.–lb/in.2 )
Δa (JIC) : 1.272 mm (0.0501 in.)
T Average : 380.2 (JIC at 0.15)
Kjc : 577.9 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 591.90 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 3.046 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 2 Zone B = 1
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
ao Measurement : 2 Outside Limit
ao Measurement : 8 Outside Limit
af Measurement : Near–surface Outside Limit
Crack Size Estimate : Inadequate (by Compliance)
E Effective : Inadequate
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 370.92 kJ/m2 (Jmax=bnetσ f//20)
Δa (max) Allowed : 2.426 mm (Δa=0.1bo)
Δa (max) Allowed : 3.472 mm (ω=5)
Data Points : Zone A = 33 Zone B = 0
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–22. Modified JIC and J–R curve results for specimen MA9–01I

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 1475.937 kJ/m2 Slope M : 324.02 kJ/m2mm
Fit Coeff. R : 0.9946 (5 Data Points)
JIC : 1895.5 kJ/m2 (10823.4 in.–lb/in.2 )
Δa (JIC) : 1.295 mm (0.0510 in.)
T Average : 357.0 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1678.28 kJ/m 2 Exponent n : 0.3421
Fit Coeff. R : 0.9985 (5 Data Points)
JIC (0.20) : 1938.5 kJ/m2 (11069.5 in.–lb/in.2 )
Δa (JIC) : 1.524 mm (0.0600 in.)
T Average : 364.1 (JIC at 0.20)
JIC (0.15) : 1906.9 kJ/m2 (10888.7 in.–lb/in.2 )
Δa (JIC) : 1.453 mm (0.0572 in.)
T Average : 368.5 (JIC at 0.15)
Kjc : 607.5 MPa–m0.5

Figure C–20. Fracture surface of essentially unaged material
MA9 from the hot–leg main shutoff valve tested
at room temperature
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Table C–23. Test data for specimen MA9–02O

Test Number : 0116 Test Temp : 25 °C
Material Type : CF-8 Heat Number : MA9
Aging Temp : 400 °C Aging Time : 10,000 h
Spec. Thickness : 25.37 mm Net Thickness : 20.24 mm
Spec. Width : 50.55 mm Flow Stress : 372.20 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 13.83 13.80 - 0 . 0 7 4 5 17.787 0.255
2 39.18 39.29 0.0088 21.269 0.505
3 73.62 73.81 0.0298 23.272 0.807
4 110.41 111.27 0.1450 24.780 1.107
5 149.59 150.41 0.1396 25.768 1.410
6 190.24 190.92 0.1266 26.590 1.708
7 232.68 232.80 0.0843 27.510 2.008
8 275.00 276.98 0.2024 28.108 2.309
9 319.73 320.70 0.1477 29.001 2.610
1 0 379.67 381.60 0.1907 29.732 3.007
1 1 443.28 443.94 0.1421 30.345 3.409
1 2 505.85 508.32 0.2028 31.312 3.808
1 3 550.62 557.78 0.3468 31.698 4.109
1 4 591.13 598.31 0.3474 32.044 4.358
1 5 631.50 640.92 0.4071 32.440 4.609
1 6 683.02 692.50 0.4084 32.890 4.913
1 7 736.11 743.00 0.3495 33.057 5.207
1 8 781.88 797.52 0.5354 33.372 5.511
1 9 833.29 849.02 0.5370 33.819 5.809
2 0 882.81 903.43 0.6285 34.209 6.110
2 1 936.42 957.81 0.6420 34.352 6.414
2 2 987.50 1012.30 0.6988 34.354 6.710
2 3 1033.67 1067.99 0.8490 34.790 7.010
2 4 1084.35 1123.10 0.9154 34.969 7.311
2 5 1133.63 1180.03 1.0247 34.952 7.614
2 6 1197.48 1254.08 1.1614 34.913 8.007
2 7 1247.27 1321.00 1.3803 34.590 8.359
2 8 1301.39 1386.13 1.5143 34.438 8.709
2 9 1343.73 1453.15 1.8017 33.969 9.059
3 0 1395.16 1517.71 1.9480 33.420 9.412
3 1 1437.91 1591.83 2.2820 32.406 9.807
3 2 1457.73 1665.33 2.8338 31.699 10.209
3 3 1507.88 1754.23 3.2127 30.890 10.707
3 4 1541.95 1847.34 3.7634 29.700 11.220
3 5 1577.40 1933.30 4.2147 28.848 11.712
3 6 1624.78 2039.47 4.7128 27.776 12.310
3 7 1677.20 2143.42 5.1273 27.082 12.908
3 8 1743.35 2247.97 5.4200 26.519 13.510
3 9 1784.66 2353.15 5.8843 25.486 14.109
4 0 1817.31 2470.93 6.4732 24.078 14.806
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Table C–24. Deformation JIC and J–R curve results for specimen MA9–02O

Test Number : 0116 Test Temp : 25 °C
Material Type : CF-8 Heat Number : MA9
Aging Temp : 400 °C Aging Time : 10,000 h
Spec. Thickness : 25.37 mm Net Thickness : 20.24 mm
Spec. Width : 50.55 mm Flow Stress : 372.20 MPa
Modulus E : 204.49 GPa (Effective)
Modulus E : 200.00 GPa (Nominal)
Init. Crack : 29.0781 mm Init. a/ w : 0.5752 (Measured)
Final Crack : 36.5438 mm Final a /w : 0.7229 (Measured)
Final Crack : 35.5513 mm Final a /w : 0.7033 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 846.616 kJ/m2 Slope M : 276.08 kJ/m2mm
Fit Coeff. R : 0.9784 (9 Data Points)
JIC : 1039.4 kJ/m2 (5934.9 in.–lb/in.2 )
Δa (JIC) : 0.698 mm (0.0275 in.)
T Average : 407.5 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1117.93 kJ/m2 Exponent n : 0.3258
Fit Coeff. R : 0.9917 (9 Data Points)
JIC (0.20) : 1093.5 kJ/m2 (6244.2 in.–lb/in.2 )
Δa (JIC) : 0.935 mm (0.0368 in.)
T Average : 381.9 (JIC at 0.20)
JIC (0.15) : 1067.0 kJ/m2 (6092.9 in.–lb/in.2 )
Δa (JIC) : 0.867 mm (0.0341 in.)
T Average : 388.4 (JIC at 0.15)
Kjc : 555.6 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 532.81 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.514 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 4 Zone B = 2
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
ao Measurement : 4, 8,9,& 1 Outside Limit
Final Crack Shape : OK
Crack size estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 376.74 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.147 mm (Δa=0.1bo)
Δa (max) Allowed : 3.092 mm (ω=5)
Data Points : Zone A = 31 Zone B = 0
Data Point Spacing : Inadequate
J-R Curve Data : Invalid
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Table C–25. Modified JIC and J–R curve results for specimen MA9–02O

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 841.109 kJ/m2 Slope M : 340.72 kJ/m2mm
Fit Coeff. R : 0.9917 (8 Data Points)
JIC : 1090.7 kJ/m2 (6228.3 in.–lb/in.2 )
Δa (JIC) : 0.733 mm (0.0288 in.)
T Average : 502.9 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1171.72 kJ/m2 Exponent n : 0.3792
Fit Coeff. R : 0.9978 (8 Data Points)
JIC (0.20) : 1163.4 kJ/m2 (6643.4 in.–lb/in.2 )
Δa (JIC) : 0.981 mm (0.0386 in.)
T Average : 464.2 (JIC at 0.20)
JIC (0.15) : 1130.1 kJ/m2 (6453.2 in.–lb/in.2 )
Δa (JIC) : 0.909 mm (0.0358 in.)
T Average : 471.6 (JIC at 0.15)
Kjc : 588.3 MPa–m0.5

Figure C–23. Fracture surface of MA9 material from cooler
region of the hot–leg main shutoff valve aged
10,000 h at 400°C and tested at 25°C
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Table C–26. Test data for specimen MA9–01O

Test Number : 0097 Test Temp. : 290°C
Material Type : CF–8 Heat Number : MA9
Aging Temp. : 25°C Aging Time : 0 h
Spec. Thickness : 25.37 mm Net Thickness : 20.32 mm
Spec. Width : 50.78 mm Flow Stress : 259.70 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 14.34 14.39 0.0797 13.618 0.306
2 36.13 35.84 –0.1083 15.415 0.610
3 59.55 60.13 0.1718 16.498 0.910
4 88.64 88.56 0.0326 17.400 1.258
5 117.70 120.72 0.5089 18.201 1.609
6 151.18 150.68 0.0908 18.899 1.955
7 184.01 185.95 0.3256 19.483 2.309
8 213.44 215.63 0.3463 20.120 2.614
9 246.50 244.92 0.0763 20.559 2.911
1 0 275.82 277.06 0.2551 21.138 3.210
1 1 309.73 307.74 0.0726 21.611 3.510
1 2 338.24 341.35 0.3343 21.986 3.809
1 3 373.67 373.27 0.1710 22.447 4.109
1 4 399.18 409.10 0.6142 23.003 4.410
1 5 440.83 441.06 0.2341 23.332 4.711
1 6 469.52 478.37 0.5486 23.739 5.008
1 7 511.52 512.78 0.2930 24.220 5.312
1 8 545.17 550.78 0.4299 24.574 5.612
1 9 582.42 587.26 0.4070 25.003 5.911
2 0 626.87 623.98 0.1951 25.254 6.209
2 1 659.80 663.50 0.3657 25.569 6.510
2 2 703.80 701.05 0.2083 25.913 6.813
2 3 727.97 741.42 0.5862 26.266 7.109
2 4 770.82 780.64 0.5060 26.537 7.420
2 5 799.04 821.18 0.7657 26.620 7.713
2 6 842.07 859.53 0.6720 26.770 8.008
2 7 872.30 902.33 0.9133 27.041 8.311
2 8 919.19 942.32 0.7872 27.323 8.613
2 9 950.89 985.43 0.9874 27.388 8.911
3 0 998.48 1025.99 0.8697 27.745 9.209
3 1 1040.91 1069.79 0.8915 28.078 9.511
3 2 1061.78 1114.35 1.2600 28.238 9.812
3 3 1116.21 1158.71 1.1105 28.386 10.136
3 4 1145.87 1201.40 1.2977 28.407 10.415
3 5 1193.94 1258.49 1.4215 28.343 10.805
3 6 1241.06 1318.76 1.5939 28.498 11.209
3 7 1295.22 1394.46 1.8621 28.731 11.709
3 8 1369.53 1469.59 1.8716 28.726 12.213
3 9 1419.72 1561.74 2.3395 28.616 12.801
4 0 1482.36 1638.97 2.4941 28.132 13.316
4 1 1545.77 1731.18 2.7835 27.830 13.912
4 2 1583.78 1823.95 3.3095 27.206 14.511
4 3 1649.60 1919.46 3.5801 26.376 15.152
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Table C–27. Deformation JIC and J–R curve results for specimen MA9–01O

Test Number : 0097 Test Temp. : 290°C
Material Type : CF–8 Heat Number : MA9
Aging Temp. : 25°C Aging Time : 0 h
Spec. Thickness : 25.37 mm Net Thickness : 20.32 mm
Spec. Width : 50.78 mm σf : 259.70 MPa
Modulus E : 169.85 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 28.3156 mm Init. a/ w : 0.5576 (Measured)
Final Crack : 33.0531 mm Final a /w : 0.6509 (Measured)
Final Crack : 31.8957 mm Final a /w : 0.6281 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 768.962 kJ/m2 Slope M : 285.67 kJ/m2mm
Fit Coeff. R : 0.9751 (9 Data Points)
JIC : 1060.6 kJ/m2 (6056.4 in.–lb/in.2 )
Δa (JIC) : 1.021 mm (0.02402 in.)
T Average : 714.3 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1010.57 kJ/m2 Exponent n : 0.4204
Fit Coeff. R : 0.9791 (9 Data Points)
JIC (0.20) : 1120.6 kJ/m2 (6399.1 in.–lb/in.2 )
Δa (JIC) : 1.279 mm (0.0503 in.)
T Average : 689.6 (JIC at 0.20)
JIC (0.15) : 1091.3 kJ/m2 (6231.4 in.–lb/in.2 )
Δa (JIC) : 1.201 mm (0.0473 in.)
T Average : 698.5 (JIC at 0.15)
Kjc : 522.1 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 388.97 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 3.056 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 4 Zone B = 2
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
af Measurement : Near–Surface Outside Limit
Initial Crack Shape : OK
Crack Size Estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 263.86 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.247 mm (Δa=0.1bo)
Δa (max) Allowed : 3.939 mm (ω=5)
Data Points : Zone A = 40 Zone B = 2
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–28. Modified JIC and J–R curve results for specimen MA9–01O

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 780.191 kJ/m2 Slope M : 341.90 kJ/m2mm
Fit Coeff. R : 0.9903 (11 Data Points)
JIC : 1163.0 kJ/m2 (6640.7 in.–lb/in.2 )
Δa (JIC) : 1.120 mm (0.0441 in.)
T Average : 854.9 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 10.64.09 kJ/m2 Exponent n : 0.4693
Fit Coeff. R : 0.9902 (7 Data Points)
JIC (0.20) : 1245.8 kJ/m2 (7113.8 in.–lb/in.2 )
Δa (JIC) : 1.399 mm (0.0551 in.)
T Average : 805.3 (JIC at 0.20)
JIC (0.15) : 1209.9 kJ/m2 (6908.6 in.–lb/in.2 )
Δa (JIC) : 1.315 mm (0.0518 in.)
T Average : 814.7 (JIC at 0.15)
Kjc : 560.2 MPa–m0.5

Figure C–26. Fracture surface of essentially unaged material
MA9 from the hot–leg main shutoff valve tested
at 290°C
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Table C–29. Test data for specimen MA9–02I

Test Number : 0121 Test Temp : 290°C
Material Type : CF-8 Heat Number : MA9
Aging Temp : 400°C Aging Time : 10,000 h
Spec. Thickness : 25.39 mm Net Thickness : 20.30 mm
Spec. Width : 50.77 mm Flow Stress : 259.60 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 11.29 11.29 0.0048 12.723 0.267
2 34.92 35.10 0.1119 14.782 0.606
3 58.53 57.85 - 0 . 1 6 9 6 15.879 0.909
4 90.89 91.42 0.0716 16.894 1.305
5 125.38 126.41 0.1432 17.788 1.707
6 163.05 162.74 - 0 . 0 0 1 2 18.559 2.107
7 199.40 201.72 0.2282 19.273 2.504
8 234.52 235.90 0.1584 19.900 2.856
9 270.30 272.20 0.1913 20.446 3.208
1 0 304.93 309.37 0.3337 20.948 3.558
1 1 341.19 346.79 0.3916 21.462 3.906
1 2 383.96 385.10 0.1938 21.931 4.260
1 3 419.86 425.25 0.3647 22.303 4.606
1 4 459.33 465.23 0.3837 22.673 4.957
1 5 495.92 506.57 0.5442 23.000 5.306
1 6 538.57 547.97 0.5053 23.346 5.659
1 7 573.17 590.75 0.7425 23.628 6.004
1 8 617.87 633.02 0.6773 23.809 6.357
1 9 650.48 677.92 0.9875 24.035 6.707
2 0 697.52 719.89 0.8679 23.944 7.056
2 1 721.82 766.35 1.3648 23.945 7.409
2 2 764.83 808.65 1.3499 23.660 7.761
2 3 782.74 853.74 1.8994 23.116 8.107
2 4 816.95 901.99 2.1682 22.590 8.504
2 5 841.26 952.29 2.6426 22.137 8.908
2 6 868.38 1000.78 3.0149 21.822 9.306
2 7 910.93 1049.86 3.1227 21.765 9.708
2 8 941.53 1100.81 3.4435 21.601 10.107
2 9 975.57 1150.65 3.6813 21.400 10.507
3 0 1008.74 1201.34 3.9336 21.202 10.908
3 1 1055.22 1250.88 3.9756 21.174 11.307
3 2 1083.67 1303.17 4.2901 21.112 11.706
3 3 1129.19 1353.09 4.3455 21.056 12.107
3 4 1171.15 1419.08 4.6341 20.977 12.606
3 5 1219.03 1483.11 4.8187 20.794 13.105
3 6 1269.25 1548.46 4.9834 20.540 13.608
3 7 1302.58 1613.73 5.3168 20.136 14.105
3 8 1339.25 1678.06 5.5939 19.935 14.607
3 9 1369.48 1743.84 5.9364 19.606 15.113
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Table C–30. Deformation JIC  and J–R curve results for specimen MA9–02I

Test Number : 0121 Test Temp : 290°C
Material Type : CF-8 Heat Number : MA9
Aging Temp : 400°C Aging Time : 10,000 h
Spec. Thickness : 25.39 mm Net Thickness : 20.30 mm
Spec. Width : 50.77 mm Flow Stress : 259.60 MPa
Modulus E : 172.28 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 28.8406 mm Init. a/ w : 0.5681 (Measured)
Final Crack : 35.5125 mm Final a /w : 0.6995 (Measured)
Final Crack : 34.7770 mm Final a /w : 0.6850 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 527.587 kJ/m2 Slope M : 140.12 kJ/m2mm
Fit Coeff. R : 0.8914 (7 Data Points)
JIC : 609.9 kJ/m2 (3482.6 in.–lb/in.2 )
Δa (JIC) : 0.587 mm (0.0231 in.)
T Average : 358.2 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 667.98 kJ/m2 Exponent N : 0.2772
Fit Coeff. R : 0.9075 (7 Data Points)
JIC (0.20) : 629.2 kJ/m2 (3592.9 in.–lb/in.2 )
Δa (JIC) : 0.806 mm (0.0317 in.)
T Average : 354.3 (JIC at 0.20)
JIC (0.15) : 615.0 kJ/m2 (3511.9 in.–lb/in.2 )
Δa (JIC) : 0.742 mm (0.0292 in.)
T Average : 361.3 (JIC at 0.15)
Kjc : 381.0 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 379.47 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.311 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 3 Zone B = 2
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
ao Measurement : 1 Outside Limit
Final Crack Shape : OK
Crack size estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 263.52 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.193 mm (Δa=0.1bo)
Δa (max) Allowed : 2.666 mm (ω=5)
Data Points : Zone A = 21 Zone B = 1
Data Point Spacing : Inadequate
J-R Curve Data : Invalid
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Table C–31. Modified JIC and J–R curve results for specimen MA9–02I

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 562.439 kJ/m2 Slope M : 156.74 kJ/m2mm
Fit Coeff. R : 0.9510 (6 Data Points)
JIC : 662.4 kJ/m2 (3782.6 in.–lb/in.2 )
Δa (JIC) : 0.638 mm (0.0251 in.)
T Average : 400.7 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 718.38 kJ/m2 Exponent N : 0.2817
Fit Coeff. R : 0.9405 (6 Data Points)
JIC (0.20) : 689.4 kJ/m2 (3936.4 in.–lb/in.2 )
Δa (JIC) : 0.864 mm (0.0340 in.)
T Average : 375.9 (JIC at 0.20)
JIC (0.15) : 674.5 kJ/m2 (3851.6 in.–lb/in.2 )
Δa (JIC) : 0.800 mm (0.0315 in.)
T Average : 383.0 (JIC at 0.15)
Kjc : 397.6 MPa–m0.5

Figure C–29. Fracture surface of MA9 material from cooler
region of the hot–leg main shutoff valve aged
10,000 h at 400°C and tested at 290°C
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Table C–32. Test data for specimen PVC–01

Test Number : 0078 Test Temp. : 25°C
Material Type : CF–8 Heat Number : PV
Aging Temp. : 550°C Aging Time : 1 h
Spec. Thickness : 25.39 mm Net Thickness : 20.33 mm
Spec. Width : 50.81 mm Flow Stress : 362.04 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 9.28 9.27 –0.0854 18.185 0.202
2 24.89 24.94 –0.0138 21.480 0.356
3 47.63 47.80 0.0450 23.169 0.560
4 77.34 77.54 0.0552 24.533 0.808
5 109.64 109.41 –0.0229 25.452 1.062
6 144.04 144.04 0.0082 26.186 1.324
7 175.27 175.80 0.0630 26.771 1.560
8 210.19 209.31 –0.0596 27.477 1.809
9 244.72 245.95 0.0958 28.039 2.062
1 0 279.75 280.67 0.0757 28.443 2.310
1 1 316.30 317.49 0.0910 29.015 2.561
1 2 353.59 354.20 0.0618 29.373 2.810
1 3 398.57 400.96 0.1399 29.795 3.116
1 4 443.95 446.34 0.1400 30.445 3.414
1 5 494.98 498.00 0.1620 30.980 3.743
1 6 536.35 540.62 0.2020 31.261 4.011
1 7 582.66 589.33 0.2725 31.857 4.311
1 8 631.89 638.07 0.2594 32.119 4.612
1 9 679.11 688.60 0.3423 32.506 4.913
2 0 730.57 738.16 0.2979 32.856 5.212
2 1 777.56 789.11 0.3839 33.246 5.507
2 2 840.67 856.98 0.4793 33.677 5.900
2 3 894.93 910.87 0.4725 34.245 6.212
2 4 959.64 972.74 0.4226 34.482 6.563
2 5 1020.71 1036.20 0.4620 35.002 6.914
2 6 1080.32 1099.92 0.5256 35.231 7.266
2 7 1135.99 1163.66 0.6435 35.391 7.612
2 8 1201.69 1227.79 0.6219 35.663 7.965
2 9 1244.56 1295.83 0.9541 35.957 8.318
3 0 1308.68 1358.72 0.9388 36.011 8.666
3 1 1369.48 1425.85 1.0143 36.093 9.014
3 2 1426.25 1494.19 1.1463 36.546 9.369
3 3 1498.09 1559.43 1.0746 36.678 9.716
3 4 1561.29 1628.31 1.1336 36.620 10.065
3 5 1595.84 1698.70 1.4938 36.583 10.418
3 6 1663.56 1767.02 1.4996 36.327 10.784
3 7 1714.56 1833.57 1.6440 36.272 11.117
3 8 1761.24 1903.25 1.8501 35.884 11.470
3 9 1814.33 1969.51 1.9641 35.715 11.813
4 0 1867.58 2049.72 2.1889 35.750 12.217
4 1 1921.93 2128.47 2.3851 35.493 12.618
4 2 1969.85 2207.06 2.6234 35.527 13.014
4 3 2050.46 2306.55 2.7635 35.392 13.515
4 4 2120.58 2407.98 2.9860 35.065 14.015
4 5 2192.55 2528.27 3.3132 33.902 14.616
4 6 2243.34 2645.66 3.7457 32.919 15.215
4 7 2329.05 2759.57 3.9208 32.872 15.812
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Table C–33. Deformation JIC and J–R curve results for specimen PVC–01

Test Number : 0078 Test Temp. : 25°C
Material Type : CF–8 Heat Number : PV
Aging Temp. : 550°C Aging Time : 1 h
Spec. Thickness : 25.39 mm Net Thickness : 20.33 mm
Spec. Width : 50.81 mm Flow Stress : 362.04 MPa
Modulus E : 195.28 GPa (Effective)
Modulus E : 193.10 GPa (Nominal)
Init. Crack : 28.9750 mm Init. a/ w : 0.5703 (Measured)
Final Crack : 33.8031 mm Final a /w : 0.6654 (Measured)
Final Crack : 32.8958 mm Final a /w : 0.6475 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 1182.587 kJ/m2 Slope M : 310.44 kJ/m2mm
Fit Coeff. R : 0.9869 (9 Data Points)
JIC : 1505.3 kJ/m2 (8595.4 in.–lb/in.2 )
Δa (JIC) : 1.039 mm (0.0409 in.)
T Average : 462.5 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1422.76 kJ/m2 Exponent n : 0.3497
Fit Coeff. R : 0.9875 (9 Data Points)
JIC (0.20) : 1545.7 kJ/m2 (8826.0 in.–lb/in.2 )
Δa (JIC) : 1.267 mm (0.0499 in.)
T Average : 465.8 (JIC at 0.20)
JIC (0.15) : 1514.6 kJ/m2 (8648.8 in.–lb/in.2 )
Δa (JIC) : 1.196 mm (0.0471 in.)
T Average : 472.2 (JIC at 0.15)
Kjc : 636.1 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 526.89 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.931 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 3 Zone B = 3
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
af Measurement : Near–surface Outside Limit
Initial Crack Shape : OK
Crack Size Estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 367.98 kJ/m2 (Jmax=bnetσ f//20)
Δa (max) Allowed : 2.183 mm (Δa=0.1bo)
Δa (max) Allowed : 3.321 mm (ω=5)
Data Points : Zone A = 43 Zone B = 0
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–34. Modified JIC and J–R curve results for specimen PVC–01

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 1093.141 kJ/m2 Slope M : 436.50 kJ/m2mm
Fit Coeff. R : 0.9954 (10 Data Points)
JIC : 1564.8 kJ/m2 (8935.3 in.–lb/in.2 )
Δa (JIC) : 1.081 mm (0.0425 in.)
T Average : 650.3 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1443.94 kJ/m2 Exponent n : 0.4551
Fit Coeff. R : 0.9941 (10 Data Points)
JIC (0.20) : 1648.9 kJ/m2 (9415.6 in.–lb/in.2 )
Δa (JIC) : 1.339 mm (0.0527 in.)
T Average : 636.6 (JIC at 0.20)
JIC (0.15) : 1601.9 kJ/m2 (9146.9 in.–lb/in.2 )
Δa (JIC) : 1.256 mm (0.0495 in.)
T Average : 644.3 (JIC at 0.15)
Kjc : 691.5 MPa–m0.5

Figure C–32. Fracture surface of recovery–annealed material
from the pump volute PV tested at room
temperature
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Table C–35. Test data for specimen PVI–02

Test Number : 0081  Test Temp. : 25°C
Material Type : CF–8  Heat Number : PV
Aging Temp. : 264°C Aging Time : 113,900 h
Spec. Thickness : 25.33 mm Net Thickness : 20.23 mm
Spec. Width : 50.79 mm Flow Stress : 370.30 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 19.97 20.00 0.0421 21.619 0.304
2 67.85 67.83 0.0285 26.041 0.709
3 121.31 121.58 0.0767 28.076 1.110
4 177.33 178.10 0.1294 29.502 1.508
5 252.03 252.83 0.1316 30.969 2.010
6 330.74 331.08 0.1059 32.142 2.512
7 410.63 412.00 0.1514 33.355 3.010
8 502.26 504.42 0.1792 34.233 3.561
9 580.69 581.91 0.1507 35.162 4.012
1 0 661.33 671.97 0.4002 36.040 4.511
1 1 753.77 760.82 0.3170 36.963 5.010
1 2 849.14 854.47 0.2815 37.779 5.511
1 3 933.72 951.38 0.5102 38.475 6.012
1 4 1027.05 1048.38 0.5717 39.173 6.516
1 5 1118.30 1146.63 0.6791 39.605 7.011
1 6 1205.51 1251.28 0.9250 40.000 7.525
1 7 1298.08 1349.06 0.9929 40.498 8.009
1 8 1401.51 1456.23 1.0380 40.880 8.526
1 9 1487.90 1559.14 1.2240 41.053 9.009
2 0 1579.49 1666.58 1.3910 41.207 9.515
2 1 1676.72 1771.80 1.4700 41.424 10.010
2 2 1765.23 1881.96 1.6717 41.220 10.515
2 3 1837.73 1990.80 1.9930 41.089 11.013
2 4 1922.11 2098.61 2.1895 40.747 11.514
2 5 2007.88 2207.92 2.3771 40.524 12.014
2 6 2085.34 2317.87 2.6238 40.060 12.515
2 7 2183.06 2447.87 2.8558 39.802 13.111
2 8 2261.72 2581.30 3.2302 39.530 13.715
2 9 2354.79 2711.14 3.4692 38.755 14.314
3 0 2430.05 2842.67 3.8180 37.349 14.917
3 1 2449.81 2970.31 4.4642 36.075 15.517
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Table C–36. Deformation JIC and J–R curve results for specimen PVI–02

Test Number : 0081 Test Temp. : 25°C
Material Type : CF–8 Heat Number : PV
Aging Temp. : 264°C Aging Time : 113,900 h
Spec. Thickness : 25.33 mm Net Thickness : 20.23 mm
Spec. Width : 50.79 mm Flow Stress : 370.30 MPa
Modulus E : 209.17 GPa (Effective)
Modulus E : 193.10 GPa (Nominal)
Init. Crack : 28.0813 mm Init. a/ w : 0.5529 (Measured)
Final Crack : 33.1031 mm Final a /w : 0.6518 (Measured)
Final Crack : 32.5454 mm Final a /w : 0.6408 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 1043.409 kJ/m2 Slope M : 402.05 kJ/m2mm
Fit Coeff. R : 0.9915 (9 Data Points)
JIC : 1432.1 kJ/m2 (8177.8 in.–lb/in.2 )
Δa (JIC) : 0.967 mm (0.0381 in.)
T Average : 613.3 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1386.51 kJ/m2 Exponent n : 0.4276
Fit Coeff. R : 0.9933 (9 Data Points)
JIC (0.20) : 1508.8 kJ/m2 (8615.8 in.–lb/in.2 )
Δa (JIC) : 1.219 mm (0.0480 in.)
T Average : 600.2 (JIC at 0.20)
JIC (0.15) : 1466.4 kJ/m2 (8373.5 in.–lb/in.2 )
Δa (JIC) : 1.140 mm (0.0449 in.)
T Average : 608.2 (JIC at 0.15)
Kjc : 680.9 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 560.60 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.997 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 4 Zone B = 3
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
af Measurement : Near–surface Outside Limit
Initial Crack Shape : OK
Crack Size Estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 374.58 kJ/m2 (Jmax=bnetσ f//20)
Δa (max) Allowed : 2.271 mm (Δa=0.1bo)
Δa (max) Allowed : 4.001 mm (ω=5)
Data Points : Zone A = 30 Zone B = 1
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–37. Modified JIC and J–R curve results for specimen PVI–02

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 995.819 kJ/m2 Slope M : 502.51 kJ/m2mm
Fit Coeff. R : 0.9956 (10 Data Points)
JIC : 1507.1 kJ/m2 (8606.0 in.–lb/in.2 )
Δa (JIC) : 1.017 mm (0.0401 in.)
T Average : 766.5 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 1423.22 kJ/m2 Exponent n : 0.5083
Fit Coeff. R : 0.9970 (10 Data Points)
JIC (0.20) : 1623.9 kJ/m2 (9273.0 in.–lb/in.2 )
Δa (JIC) : 1.296 mm (0.0510 in.)
T Average : 747.6 (JIC at 0.20)
JIC (0.15) : 1566.4 kJ/m2 (8944.3 in.–lb/in.2 )
Δa (JIC) : 1.207 mm (0.0475 in.)
T Average : 756.4 (JIC at 0.15)
Kjc : 736.1 MPa–m0.5

Figure C–35. Fracture surface of pump volute PV tested at
room temperature after 13 y of service at
264°C
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Table C–38. Test data for specimen PVO–01

Test Number : 0119 Test Temp. : 25°C
Material Type : CF–8 Heat Number : PV
Aging Temp. : 400°C Aging Time : 10,000 h
Spec. Thickness : 25.39 mm Net Thickness : 20.26 mm
Spec. Width : 50.75 mm Flow Stress : 410.00 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 12.90 12.87 - 0 . 0 9 8 9 17.899 0.252
2 39.22 39.41 0.0427 22.306 0.504
3 75.34 75.72 0.0944 24.909 0.806
4 114.73 115.18 0.1053 26.449 1.106
5 156.49 157.00 0.1127 27.668 1.405
6 185.85 185.59 0.0364 28.496 1.606
7 215.26 215.90 0.1130 29.112 1.807
8 244.80 245.72 0.1334 29.675 2.006
9 282.97 284.09 0.1460 30.255 2.256
1 0 321.88 323.68 0.1833 30.650 2.507
1 1 360.32 365.70 0.3568 31.105 2.765
1 2 398.53 403.77 0.3509 31.496 3.006
1 3 427.96 438.15 0.5490 31.531 3.208
1 4 461.09 470.07 0.5042 31.725 3.410
1 5 491.93 503.91 0.6079 31.979 3.607
1 6 525.08 536.65 0.5951 31.767 3.807
1 7 550.18 572.22 0.9135 31.846 4.008
1 8 579.72 604.27 0.9856 31.684 4.209
1 9 610.51 638.06 1.0669 31.878 4.408
2 0 639.14 672.70 1.2216 31.634 4.609
2 1 666.00 707.15 1.4077 31.866 4.810
2 2 695.24 740.67 1.5076 31.969 5.008
2 3 730.38 775.11 1.4919 31.982 5.211
2 4 767.73 819.40 1.6374 32.137 5.457
2 5 807.18 863.21 1.7238 32.029 5.708
2 6 853.48 916.72 1.8585 32.165 6.008
2 7 892.89 970.58 2.1130 31.968 6.306
2 8 939.47 1023.04 2.2110 31.896 6.608
2 9 983.12 1077.41 2.3800 31.585 6.908
3 0 1030.26 1130.42 2.4681 31.705 7.207
3 1 1072.87 1185.44 2.6452 31.472 7.508
3 2 1114.38 1239.67 2.8187 31.236 7.809
3 3 1155.01 1293.66 2.9930 31.021 8.108
3 4 1192.22 1347.81 3.2048 30.361 8.409
3 5 1237.58 1419.77 3.5206 29.834 8.809
3 6 1283.48 1490.15 3.7970 28.670 9.212
3 7 1320.09 1558.41 4.1389 27.991 9.607
3 8 1355.90 1626.03 4.4678 26.883 10.007
3 9 1380.18 1710.38 5.0614 25.863 10.507
4 0 1421.27 1789.79 5.4222 24.859 11.007
4 1 1466.12 1871.65 5.7544 24.462 11.510
4 2 1517.84 1954.33 6.0188 23.795 12.027
4 3 1552.82 2032.65 6.3740 23.278 12.506
4 4 1592.69 2112.30 6.6861 22.484 13.007
4 5 1621.37 2191.77 7.0693 21.625 13.510
4 6 1663.40 2267.60 7.3142 21.101 14.007
4 7 1686.55 2361.42 7.8046 19.948 14.607
4 8 1707.56 2449.31 8.2506 19.101 15.207
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Table C–39. Deformation JIC  and J–R curve results for specimen PVO–01

Test Number : 0119 Test Temp : 25 °C
Material Type : CF-8 Heat Number : PV
Aging Temp : 400 °C Aging Time : 10,000 h
Spec. Thickness: : 25.39 mm Net Thickness : 20.26 mm
Spec. Width : 50.75 mm Flow Stress : 410.00 MPa
Modulus E : 193.04 GPa (Effective)
Modulus E : 200.00 GPa (Nominal)
Init. Crack : 29.2250 mm Init. a/ w : 0.5758 (Measured)
Final Crack : 38.7813 mm Final a /w : 0.7641 (Measured)
Final Crack : 37.4756 mm Final a /w : 0.7384 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 312.535 kJ/m2 Slope M : 275.67 kJ/m2mm
Fit Coeff. R : 0.9826 (14 Data Points)
JIC : 375.7 kJ/m2 (2145.2 in.–lb/in.2 )
Δa (JIC) : 0.229 mm (0.0090 in.)
T Average : 316.6 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 602.97 kJ/m2 Exponent n : 0.4503
Fit Coeff. R : 0.9711 (14 Data Points)
JIC (0.20) : 424.6 kJ/m2 (2424.6 in.–lb/in.2 )
Δa (JIC) : 0.459 mm (0.0181 in.)
T Average : 288.9 (JIC at .20)
JIC (0.15) : 395.0 kJ/m2 (2255.5 in.–lb/in.2 )
Δa (JIC) : 0.391 mm (0.0154 in.)
T Average : 295.4 (JIC at 0.15)
Kjc : 398.9 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 588.40 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.003 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 4 Zone B = 6
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
af  Measurement : Near-surface outside limit
Initial Crack Shape : OK
Crack size estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 415.37 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.153 mm (Δa=0.1bo)
Δa (max) Allowed : 4.193 mm (ω=5)
Data Points : Zone A = 18 Zone B = 8
Data Point Spacing : OK
J-R Curve Data : Invalid
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Table C–40. Modified JIC and J–R curve results for specimen PVO–01

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 300.136 kJ/m2 Slope M : 314.63 kJ/m2mm
Fit Coeff. R : 0.9857 (14 Data Points)
JIC : 371.4 kJ/m2 (2120.7 in.–lb/in.2 )
Δa (JIC) : 0.226 mm (0.0089 in.)
T Average : 361.3 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 630.46 kJ/m2 Exponent n : 0.4906
Fit Coeff. R : 0.9756 (14 Data Points)
JIC (0.20) : 432.4 kJ/m2 (2469.0 in.–lb/in.2 )
Δa (JIC) : 0.464 mm (0.0183 in.)
T Average : 327.6 (JIC at 0.20)
JIC (0.15) : 398.8 kJ/m2 (2277.1 in.–lb/in.2 )
Δa (JIC) : 0.393 mm (0.0155 in.)
T Average : 334.5 (JIC at 0.15)
Kjc : 415.8 MPa–m0.5

Figure C–38. Fracture surface of service–aged PV material
from the pump volute aged further for 10,000 h
at 400°C and tested at room temperature
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Table C–41. Test data for specimen PVI–01

Test Number : 0080  Test Temp. : 290°C
Material Type : CF–8  Heat Number : PV
Aging Temp. : 550°C Aging Time : 1 h
Spec. Thickness : 25.35 mm Net Thickness : 20.22 mm
Spec. Width : 50.79 mm Flow Stress : 269.19 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 15.13 15.02 –0.1850 14.314 0.306
2 37.74 37.88 –0.0500 15.935 0.608
3 69.98 70.75 0.1227 17.206 1.009
4 104.73 105.39 0.1030 18.188 1.408
5 142.15 142.29 0.0368 19.000 1.810
6 180.34 181.06 0.0940 19.869 2.210
7 220.16 221.18 0.1174 20.497 2.612
8 265.35 262.07 –0.1695 21.162 3.018
9 302.31 305.23 0.1897 21.718 3.409
1 0 352.24 346.59 –0.2397 22.365 3.810
1 1 393.18 393.03 0.0049 23.001 4.209
1 2 436.99 441.00 0.1703 23.573 4.627
1 3 478.10 485.89 0.3071 24.043 5.007
1 4 524.44 534.54 0.3825 24.485 5.409
1 5 579.19 583.11 0.1983 24.917 5.809
1 6 626.43 634.64 0.3160 25.434 6.210
1 7 684.65 684.13 0.0959 25.788 6.608
1 8 719.86 737.89 0.5346 26.053 7.006
1 9 775.72 792.29 0.5027 26.282 7.434
2 0 817.41 843.41 0.6975 26.491 7.810
2 1 863.97 897.17 0.8375 26.653 8.210
2 2 919.98 951.72 0.8109 26.756 8.616
2 3 960.19 1007.64 1.0830 26.747 9.015
2 4 1019.29 1060.82 0.9862 26.689 9.414
2 5 1053.10 1117.58 1.3446 26.552 9.814
2 6 1084.02 1172.26 1.7008 26.434 10.212
2 7 1114.29 1227.84 2.0652 26.360 10.611
2 8 1167.17 1285.15 2.1258 26.401 11.027
2 9 1214.41 1340.92 2.2375 26.461 11.415
3 0 1250.69 1398.35 2.5039 26.296 11.810
3 1 1290.75 1454.92 2.7038 26.127 12.207
3 2 1317.13 1513.99 3.0860 25.739 12.615
3 3 1360.55 1585.48 3.3995 25.196 13.118
3 4 1385.96 1655.34 3.8776 24.546 13.610
3 5 1421.19 1725.39 4.2371 24.081 14.114
3 6 1469.72 1794.16 4.4373 23.480 14.610
3 7 1510.08 1899.77 5.0487 22.738 15.358
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Table C–42. Deformation JIC and J–R curve results for specimen PVI–01

Test Number : 0080 Test Temp. : 290°C
Material Type : CF–8 Heat Number : PV
Aging Temp. : 550°C Aging Time : 1 h
Spec. Thickness : 25.35 mm Net Thickness : 20.22 mm
Spec. Width : 50.79 mm Flow Stress : 269.19 MPa
Modulus E : 172.73 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 28.2531 mm Init. a/ w : 0.5563 (Measured)
Final Crack : 34.5469 mm Final a /w : 0.6803 (Measured)
Final Crack : 33.3018 mm Final a /w : 0.6557 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 796.938 kJ/m2 Slope M : 175.50 kJ/m2mm
Fit Coeff. R : 0.9408 (6 Data Points)
JIC : 952.1 kJ/m2 (5436.8 in.–lb/in.2 )
Δa (JIC) : 0.884 mm (0.0348 in.)
T Average : 418.3 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 951.03 kJ/m2 Exponent n : 0.2765
Fit Coeff. R : 0.9227 (6 Data Points)
JIC (0.20) : 978.6 kJ/m2 (5588.0 in.–lb/in.2 )
Δa (JIC) : 1.109 mm (0.0437 in.)
T Average : 405.5 (JIC at 0.20)
JIC (0.15) : 962.4 kJ/m2 (5495.3 in.–lb/in.2 )
Δa (JIC) : 1.044 mm (0.0411 in.)
T Average : 411.9 (JIC at 0.15)
Kjc : 463.9 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 404.36 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.657 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 1 Zone B = 4
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
af Measurement : Near–surface Outside Limit
Initial Crack Shape : OK
Crack Size Estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 272.19 kJ/m2 (Jmax=bnetσ f//20)
Δa (max) Allowed : 2.253 mm (Δa=0.1bo)
Δa (max) Allowed : 2.662 mm (ω=5)
Data Points : Zone A = 29 Zone B = 0
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–43. Modified JIC and J–R curve results for specimen PVI–01

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 657.014 kJ/m2 Slope M : 295.22 kJ/m2mm
Fit Coeff. R : 0.9799 (6 Data Points)
JIC : 905.2 kJ/m2 (5168.9 in.–lb/in.2 )
Δa (JIC) : 0.841 mm (0.0331 in.)
T Average : 703.7 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 892.04 kJ/m2 Exponent n : 0.4873
Fit Coeff. R : 0.9750 (6 Data Points)
JIC (0.20) : 912.4 kJ/m2 (5209.8 in.–lb/in.2 )
Δa (JIC) : 1.047 mm (0.0412 in.)
T Average : 745.6 (JIC at 0.20)
JIC (0.15) : 876.1 kJ/m2 (5002.6 in.–lb/in.2 )
Δa (JIC) : 0.964 mm (0.0379 in.)
T Average : 756.0 (JIC at 0.15)
Kjc : 508.3 MPa–m0.5

Figure C–41. Fracture surface of recovery–annealed material
from the pump volute PV tested at 290°C



NUREG/CR–6275 128

0

500

1000

1500

2000

2500

3000

0 1 2 3 4 5

D
ef

or
m

at
io

n 
J 

(in
.–

lb
/in

.2 )

D
ef

or
m

at
io

n 
J 

(k
J/

m
2 )

Cold–Leg Pump Volute
CF–8
290°C

Crack Extension, Δa (mm)

Crack Extension Δa (in.)

J = 951.0(Δa)0.277

J = 796.94 + 175.50Δa

0.00 0.05 0.150.10

16000

12000

8000

4000

0

δc = 4.1%
Specimen PVI–01
Annealed 1 h at 550°C

Figure C–42. Deformation J–R Curve at 290°C for recovery–annealed material PV
from the pump volute

0

500

1000

1500

2000

2500

3000

0 1 2 3 4 5

M
od

ifi
ed

 J
 (

in
.–

lb
/in

.2 )

M
od

ifi
ed

 J
 (k

J/
m

2 )

Cold–Leg Pump Volute
CF–8
290°C

Crack Extension, Δa (mm)

Crack Extension Δa (in.)

J = 892.0(Δa)0.487

J = 657.01 + 295.22Δa

0.00 0.05 0.150.10

16000

12000

8000

4000

0

δc = 4.1%
Specimen PVI–01
Annealed 1 h at 550°C

Figure C–43. Modified J–R Curve at 290°C for recovery–annealed material PV
from the pump volute



129 NUREG/CR–6275

Table C–44. Test data for specimen PVC–02

Test Number : 0079 Test Temp. : 290°C
Material Type : CF–8 Heat Number : PV
Aging Temp. : 264°C Aging Time : 113,900 h
Spec. Thickness : 25.37 mm Net Thickness : 20.28 mm
Spec. Width : 50.82 mm Flow Stress : 265.80 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 7.34 7.35 0.0605 12.915 0.206
2 21.31 21.11 –0.1789 14.980 0.408
3 41.06 40.63 –0.2924 16.156 0.659
4 61.28 61.75 –0.0075 16.988 0.907
5 82.20 82.91 0.0480 17.639 1.156
6 104.55 105.26 0.0465 18.274 1.406
7 132.98 132.79 –0.0759 18.976 1.705
8 162.34 161.84 –0.1100 19.458 2.007
9 191.01 191.79 0.0083 20.019 2.308
1 0 223.01 221.28 –0.1910 20.474 2.608
1 1 249.49 253.70 0.2263 21.015 2.906
1 2 283.77 284.08 –0.0148 21.540 3.209
1 3 313.53 318.22 0.2280 21.968 3.510
1 4 346.31 350.61 0.2085 22.201 3.809
1 5 376.93 385.42 0.3999 22.775 4.109
1 6 413.69 419.62 0.2932 23.046 4.413
1 7 442.03 456.30 0.6145 23.461 4.712
1 8 483.08 489.98 0.3536 23.714 5.012
1 9 514.28 528.75 0.6032 24.135 5.315
2 0 531.56 557.24 0.9573 24.475 5.544
2 1 557.79 565.04 0.3931 25.176 5.641
2 2 596.19 603.86 0.4053 24.655 5.928
2 3 636.90 638.98 0.2554 24.971 6.212
2 4 666.85 678.24 0.4918 25.252 6.509
2 5 708.92 716.16 0.3925 25.527 6.815
2 6 738.92 756.19 0.6206 25.756 7.112
2 7 771.85 795.27 0.7543 25.877 7.413
2 8 805.95 834.99 0.8703 25.929 7.712
2 9 851.09 873.18 0.7339 25.913 8.006
3 0 884.78 931.32 1.1884 25.997 8.421
3 1 924.15 967.63 1.1339 25.891 8.708
3 2 950.05 1009.62 1.4098 25.833 9.007
3 3 984.01 1049.74 1.5116 25.821 9.308
3 4 1006.89 1091.81 1.8173 25.786 9.608
3 5 1052.24 1138.54 1.8383 25.881 9.957
3 6 1081.24 1189.51 2.1601 25.795 10.312
3 7 1124.38 1244.68 2.3284 25.931 10.711
3 8 1177.20 1300.38 2.3668 25.854 11.108
3 9 1211.86 1358.83 2.6712 25.814 11.508
4 0 1260.20 1419.88 2.8265 25.672 11.940
4 1 1306.84 1487.79 3.0747 25.366 12.410
4 2 1364.55 1558.32 3.2169 24.874 12.909
4 3 1419.98 1644.08 3.5357 24.436 13.506
4 4 1482.64 1744.65 3.9114 24.168 14.215
4 5 1668.41 1958.27 4.1535 24.025 15.706
4 6 1543.72 1953.07 5.2297 23.802 15.708
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Table C–45. Deformation JIC and J–R curve results for specimen PVC–02

Test Number : 0079 Test Temp. : 290°C
Material Type : CF–8 Heat Number : PV
Aging Temp. : 264°C Aging Time : 113,900 h
Spec. Thickness : 25.37 mm Net Thickness : 20.28 mm
Spec. Width : 50.82 mm Flow Stress : 265.80 MPa
Modulus E : 160.39 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 28.5063 mm Init. a/ w : 0.5610 (Measured)
Final Crack : 34.0688 mm Final a /w : 0.6704 (Measured)
Final Crack : 33.7359 mm Final a /w : 0.6639 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 671.267 kJ/m2 Slope M : 199.53 kJ/m2mm
Fit Coeff. R : 0.9724 (9 Data Points)
JIC : 826.3 kJ/m2 (4718.6 in.–lb/in.2)
Δa (JIC) : 0.777 mm (0.0306 in.)
T Average : 453.0 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 855.74 kJ/m2 Exponent n : 0.3271
Fit Coeff. R : 0.9659 (9 Data Points)
JIC (0.20) : 857.6 kJ/m2 (4897.0 in.–lb/in.2 )
Δa (JIC) : 1.007 mm (0.0396 in.)
T Average : 437.4 (JIC at 0.20)
JIC (0.15) : 838.1 kJ/m2 (4785.6 in.–lb/in.2 )
Δa (JIC) : 0.938 mm (0.0369 in.)
T Average : 444.5 (JIC at 0.15)
Kjc : 433.1 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 395.31 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.600 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 2 Zone B = 3
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
ao Measurement : 9 Outside Limit
ao Measurement : 1 Outside Limit
af Measurement : Near–surface Outside Limit
Crack Size Estimate : OK (by Compliance)
E Effective : Inadequate
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 269.51 kJ/m2 (Jmax=bnetσ f//20)
Δa (max) Allowed : 2.231 mm (Δa=0.1bo)
Δa (max) Allowed : 3.120 mm (ω=5)
Data Points : Zone A = 37 Zone B = 1
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–46. Modified JIC and J–R curve results for specimen PVC–02

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 622.039 kJ/m2 Slope M : 275.71 kJ/m2mm
Fit Coeff. R : 0.9909 (11 Data Points)
JIC : 839.8 kJ/m2 (4795.5 in.–lb/in.2 )
Δa (JIC) : 0.790 mm (0.0311 in.)
T Average : 625.9 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 875.54 kJ/m2 Exponent n : 0.4358
Fit Coeff. R : 0.9835 (11 Data Points)
JIC (0.20) : 889.3 kJ/m2 (5078.1 in.–lb/in.2 )
Δa (JIC) : 1.036 mm (0.0408 in.)
T Average : 612.9 (JIC at 0.20)
JIC (0.15) : 859.5 kJ/m2 (4907.8 in.–lb/in.2 )
Δa (JIC) : 0.958 mm (0.0377 in.)
T Average : 621.9 (JIC at 0.15)
Kjc : 468.5 MPa–m0.5

Figure C–44. Fracture surface of pump volute PV tested at
290°C after 13 y of service at 264°C
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Table C–47. Test data for specimen PVO–02

Test Number : 0120 Test Temp : 290°C
Material Type : CF-8 Heat Number : PV
Aging Temp : 400°C Aging Time : 10,000 h
Spec. Thickness : 25.39 mm Net Thickness : 20.27 mm
Spec. Width : 50.80 mm Flow Stress : 286.00 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 9.65 9.65 - 0 . 0 2 1 1 11.793 0.254
2 26.63 26.61 - 0 . 0 2 6 3 14.058 0.506
3 49.80 50.05 0.0754 15.516 0.807
4 75.02 74.46 - 0 . 1 2 3 7 16.533 1.107
5 101.31 101.80 0.0618 17.441 1.407
6 133.83 133.67 - 0 . 0 2 4 1 18.200 1.757
7 167.14 168.30 0.1129 18.885 2.108
8 201.82 203.33 0.1436 19.569 2.459
9 237.09 239.73 0.2240 20.118 2.808
1 0 268.38 271.71 0.2670 20.538 3.108
1 1 303.26 310.80 0.4992 20.967 3.460
1 2 339.54 344.02 0.3486 21.230 3.769
1 3 373.63 383.53 0.5879 21.499 4.105
1 4 408.35 417.04 0.5393 21.673 4.406
1 5 444.46 458.99 0.7536 21.928 4.757
1 6 484.28 499.75 0.7850 22.139 5.108
1 7 518.33 542.67 1.0605 22.287 5.457
1 8 556.68 585.12 1.1780 22.261 5.813
1 9 597.37 630.46 1.3015 22.382 6.183
2 0 629.19 671.05 1.5208 22.287 6.509
2 1 664.65 706.61 1.5230 22.054 6.806
2 2 687.68 751.58 2.0140 21.948 7.155
2 3 725.25 792.97 2.0947 21.881 7.505
2 4 757.67 844.59 2.4766 21.721 7.908
2 5 797.34 893.47 2.6493 21.394 8.308
2 6 830.09 943.99 2.9652 21.281 8.706
2 7 886.92 1005.91 3.0492 21.230 9.207
2 8 925.48 1070.79 3.4585 20.766 9.707
2 9 955.32 1133.33 3.9406 20.072 10.207
3 0 994.01 1193.79 4.2443 19.421 10.707
3 1 1021.46 1255.40 4.6979 18.855 11.208
3 2 1066.99 1326.34 5.0153 18.014 11.807
3 3 1087.20 1398.25 5.6300 17.358 12.411
3 4 1098.20 1465.26 6.2669 16.209 13.006
3 5 1131.54 1530.84 6.6157 15.680 13.606
3 6 1160.38 1610.16 7.1327 14.998 14.307
3 7 1172.75 1686.67 7.7587 14.220 15.007
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Table C–48. Deformation JIC and J–R curve results for specimen PVO–02

Test Number : 0120 Test Temp : 290°C
Material Type : CF-8 Heat Number : PV
Aging Temp : 400°C Aging Time : 10,000 h
Spec. Thickness : 25.39 mm Net Thickness : 20.27 mm
Spec. Width : 50.80 mm Flow Stress : 286.00 MPa
Modulus E : 163.50 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 29.6531 mm Init. a/ w : 0.5838 (Measured)
Final Crack : 38.6813 mm Final a /w : 0.7615 (Measured)
Final Crack : 37.4119 mm Final a /w : 0.7365 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 294.072 kJ/m2 Slope M : 213.73 kJ/m2mm
Fit Coeff. R : 0.9735 (11 Data Points)
JIC : 361.6 kJ/m2 (2065.0 in.–lb/in.2 )
Δa (JIC) : 0.316 mm (0.0124 in.)
T Average : 427.2 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 517.37 kJ/m2 Exponent N : 0.4645
Fit Coeff. R : 0.9823 (11 Data Points)
JIC (0.20) : 388.4 kJ/m2 (2218.1 in.–lb/in.2 )
Δa (JIC) : 0.540 mm (0.0212 in.)
T Average : 424.1 (JIC at 0.20)
JIC (0.15) : 363.5 kJ/m2 (2075.8 in.–lb/in.2 )
Δa (JIC) : 0.468 mm (0.0184 in.)
T Average : 432.8 (JIC at 0.15)
Kjc : 347.2 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 403.11 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.145 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 4 Zone B = 2
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
af  Measurement : Near-surface outside limit
Initial Crack Shape : OK
Crack size estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 289.85 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.114 mm (Δa=0.1bo)
Δa (max) Allowed : 4.318 mm (ω=5)
Data Points : Zone A = 17 Zone B = 2
Data Point Spacing : Inadequate
J-R Curve Data : Invalid
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Table C–49. Modified JIC and J–R curve results for specimen PVO–02

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 250.572 kJ/m2 Slope M : 270.16 kJ/m2mm
Fit Coeff. R : 0.9732 (12 Data Points)
JIC : 328.0 kJ/m2 (1873.2 in.–lb/in.2 )
Δa (JIC) : 0.287 mm (0.0113 in.)
T Average : 540.0 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 532.11 kJ/m2 Exponent N : 0.5658
Fit Coeff. R : 0.9759 (12 Data Points)
JIC (0.20) : 368.3 kJ/m2 (2103.2 in.–lb/in.2 )
Δa (JIC) : 0.522 mm (0.0205 in.)
T Average : 538.1 (JIC at 0.20)
JIC (0.15) : 336.0 kJ/m2 (1918.4 in.–lb/in.2 )
Δa (JIC) : 0.444 mm (0.0175 in.)
T Average : 547.6 (JIC at 0.15)
Kjc : 370.2 MPa–m0.5

Figure C–47. Fracture surface of service–aged material PV
from the pump volute aged further for 10,000 h
at 400°C and tested at 290°C
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Table C–50. Test data for specimen VRI–01

Test Number : 0082 Test Temp. : 25°C
Material Type : CF–8 Heat Number : VR
Aging Temp. : 25°C Aging Time : 0 h
Spec. Thickness : 25.40 mm Net Thickness : 20.25 mm
Spec. Width : 50.81 mm Flow Stress : 405.00 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 19.34 19.27 –0.1614 22.264 0.302
2 58.57 58.95 0.0300 27.614 0.606
3 101.65 102.00 0.0232 29.814 0.909
4 147.89 148.17 0.0143 31.023 1.209
5 195.51 196.95 0.1266 32.047 1.510
6 245.20 246.76 0.1358 33.050 1.815
7 295.06 297.52 0.1912 33.482 2.113
8 345.61 349.13 0.2466 34.298 2.411
9 396.55 402.32 0.3482 34.958 2.711
1 0 450.70 455.00 0.2905 35.236 3.010
1 1 502.46 512.32 0.4838 35.824 3.315
1 2 558.59 566.22 0.4143 36.405 3.616
1 3 611.42 624.64 0.5722 36.713 3.918
1 4 666.75 679.11 0.5499 36.914 4.211
1 5 719.31 737.93 0.6985 37.203 4.511
1 6 783.71 805.12 0.7588 37.403 4.861
1 7 844.04 874.43 0.9380 37.655 5.209
1 8 908.45 943.89 1.0309 37.929 5.562
1 9 969.29 1014.34 1.1956 38.031 5.911
2 0 1031.37 1084.51 1.3249 37.927 6.260
2 1 1092.61 1156.11 1.4802 37.829 6.612
2 2 1148.04 1227.94 1.7118 38.055 6.962
2 3 1209.98 1298.12 1.8217 37.915 7.310
2 4 1262.02 1370.89 2.0836 37.444 7.659
2 5 1323.68 1441.14 2.1865 37.159 8.009
2 6 1376.92 1513.83 2.4082 36.709 8.359
2 7 1425.81 1585.97 2.6616 36.588 8.711
2 8 1484.79 1656.33 2.7800 36.324 9.061
2 9 1535.56 1730.44 3.0124 35.787 9.417
3 0 1591.70 1813.86 3.2712 34.856 9.826
3 1 1638.26 1891.19 3.5514 34.379 10.210
3 2 1703.85 1991.91 3.8548 33.798 10.711
3 3 1773.59 2091.68 4.1012 33.567 11.210
3 4 1862.18 2214.43 4.3649 33.290 11.815
3 5 1944.39 2336.18 4.6532 32.851 12.412
3 6 2013.03 2457.60 5.0183 31.687 13.012
3 7 2097.03 2596.29 5.3753 31.043 13.710
3 8 2171.49 2735.73 5.7766 30.129 14.412
3 9 2255.15 2889.73 6.1849 27.685 15.212
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Table C–51. Deformation JIC and J–R curve results for specimen VRI–01

Test Number : 0082 Test Temp. : 25°C
Material Type : CF–8 Heat Number : VR
Aging Temp. : 25°C Aging Time : 0 h
Spec. Thickness : 25.40 mm Net Thickness : 20.25 mm
Spec. Width : 50.81 mm Flow Stress : 405.00 MPa
Modulus E : 198.61 GPa (Effective)
Modulus E : 193.10 GPa (Nominal)
Init. Crack : 28.8406 mm Init. a/ w : 0.5676 (Measured)
Final Crack : 36.5938 mm Final a /w : 0.7202 (Measured)
Final Crack : 35.0255 mm Final a /w : 0.6894 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 493.721 kJ/m2 Slope M : 384.86 kJ/m2mm
Fit Coeff. R : 0.9929 (11 Data Points)
JIC : 647.6 kJ/m2 (3697.7 in.–lb/in.2 )
Δa (JIC) : 0.400mm (0.0157 in.)
T Average : 466.0 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 884.08 kJ/m2 Exponent n : 0.5098
Fit Coeff. R : 0.9974 (13 Data Points)
JIC (0.20) : 699.6 kJ/m2 (3994.6 in.–lb/in.2 )
Δa (JIC) : 0.632 mm (0.0249 in.)
T Average : 461.5 (JIC at 0.20)
JIC (0.15) : 654.1 kJ/m2 (3734.8 in.–lb/in.2 )
Δa (JIC) : 0.554 mm (0.0218 in.)
T Average : 469.7 (JIC at 0.15)
Kjc : 520.6 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 593.12 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.342 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 4 Zone B = 4
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
af Measurement : Near–surface Outside Limit
Initial Crack Shape : OK
Crack Size Estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 409.98 kJ/m2 (Jmax=bnetσ f//20)
Δa (max) Allowed : 2.197 mm (Δa=0.1bo)
Δa (max) Allowed : 4.701 mm (ω=5)
Data Points : Zone A = 25 Zone B = 0
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–52. Modified JIC and J–R curve results for specimen VRI–01

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 472.274 kJ/m2 Slope M : 442.26 kJ/m2mm
Fit Coeff. R : 0.9961 (12 Data Points)
JIC : 649.6 kJ/m2 (3709.5 in.–lb/in.2 )
Δa (JIC) : 0.401 mm (0.0158 in.)
T Average : 535.5 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 919.57 kJ/m2 Exponent n : 0.5640
Fit Coeff. R : 0.9986 (12 Data Points)
JIC (0.20) : 716.3 kJ/m2 (4090.3 in.–lb/in.2 )
Δa (JIC) : 0.642 mm (0.0253 in.)
T Average : 532.6 (JIC at 0.20)
JIC (0.15) : 662.3 kJ/m2 (3781.9 in.–lb/in.2 )
Δa (JIC) : 0.559 mm (0.0220 in.)
T Average : 541.2 (JIC at 0.15)
Kjc : 549.5 MPa–m0.5

Figure C–50. Fracture surface of the unaged spare pump
volute VR tested at room temperature
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Table C–53. Test data for specimen VRO–02

Test Number : 0117 Test Temp : 25 °C
Material Type : CF-8 Heat Number : VR
Aging Temp : 400 °C Aging Time : 10,000 h
Spec. Thickness : 25.40 mm Net Thickness : 20.24 mm
Spec. Width : 50.75 mm Flow Stress : 437.70 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 11.71 11.72 0.0824 16.974 0.252
2 37.61 37.52 0.0027 22.855 0.505
3 75.93 76.06 0.0696 26.076 0.806
4 117.73 118.52 0.1846 27.881 1.108
5 160.39 163.06 0.4102 28.574 1.406
6 195.50 201.08 0.6870 28.901 1.656
7 223.36 231.23 0.8728 29.088 1.856
8 251.47 262.29 1.0814 29.221 2.054
9 280.77 293.57 1.2051 29.278 2.256
1 0 301.72 317.64 1.3832 29.044 2.406
1 1 329.59 349.76 1.6029 29.128 2.607
1 2 358.15 381.18 1.7368 28.709 2.808
1 3 385.10 413.50 1.9663 28.432 3.007
1 4 412.88 446.73 2.1806 27.822 3.219
1 5 435.95 476.59 2.4297 27.199 3.410
1 6 467.42 514.55 2.6480 26.492 3.658
1 7 494.29 555.16 3.0767 25.896 3.917
1 8 526.02 597.91 3.3931 25.029 4.207
1 9 558.13 642.36 3.7214 24.471 4.506
2 0 601.66 702.35 4.1184 23.480 4.908
2 1 616.29 760.01 5.0796 20.622 5.308
2 2 628.69 809.10 5.8525 19.370 5.706
2 3 645.64 858.48 6.4941 18.121 6.106
2 4 664.54 907.11 7.0482 17.298 6.504
2 5 694.00 955.71 7.3821 16.616 6.909
2 6 720.25 1005.26 7.7647 16.115 7.307
2 7 744.67 1053.69 8.1364 15.256 7.707
2 8 769.85 1100.16 8.4480 14.594 8.105
2 9 783.76 1147.27 8.9104 13.680 8.506
3 0 791.64 1190.59 9.3822 12.573 8.907
3 1 796.72 1231.66 9.8425 11.849 9.305
3 2 803.54 1271.72 10.2509 11.172 9.706
3 3 817.11 1311.83 10.5631 10.467 10.116
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Table C–54. Deformation JIC  and J–R curve results for specimen VRO–02

Test Number : 0117 Test Temp : 25 °C
Material Type : CF-8 Heat Number : VR
Aging Temp : 400 °C Aging Time : 10,000 h
Spec. Thickness : 25.40 mm Net Thickness : 20.24 mm
Spec. Width : 50.75 mm Flow Stress : 437.70 MPa
Modulus E : 174.15 GPa (Effective)
Modulus E : 200.00 GPa (Nominal)
Init. Crack : 29.4563 mm Init. a/ w : 0.5804 (Measured)
Final Crack : 40.6969 mm Final a /w : 0.8019 (Measured)
Final Crack : 40.0194 mm Final a /w : 0.7885 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 97.983 kJ/m2 Slope M : 145.93 kJ/m2mm
Fit Coeff. R : 0.9978 (7 Data Points)
JIC : 106.9 kJ/m2 (610.4 in.–lb/in.2 )
Δa (JIC) : 0.061 mm (0.0024 in.)
T Average : 132.7 (J1c at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 248.89 kJ/m2 Exponent n : 0.5408
Fit Coeff. R : 0.9912 (7 Data Points)
JIC (0.20) : 122.6 kJ/m2 (700.1 in.–lb/in.2 )
Δa (Jic) : 0.270 mm (0.0106 in.)
T Average : 128.8 (JIC at 0.20)
JIC (0.15) : 107.4 kJ/m2 (613.2 in.–lb/in.2 )
Δa (JIC) : 0.211 mm (0.0083 in.)
T Average : 131.7 (JIC at 0.15)
Kjc : 239.9 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 621.41 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 1.689 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 1 Zone B = 3
Data Point Spacing : OK
bnet or bo Size : OK
dJ/da at JIC : OK
af Measurement : Near-surface outside limit
Initial Crack Shape : OK
Crack size estimate : Inadequate (by Compliance)
E Effective : Inadequate
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 442.86 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.130 mm (Δa=0.1bo)
Δa (max) Allowed : 4.953 mm (ω=5)
Data Points : Zone A = 3 Zone B = 10
Data Point Spacing : OK
J-R Curve Data : Invalid
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Table C–55. Modified JIC and J–R curve results for specimen VRO–02

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 93.678 kJ/m2 Slope M : 160.56 kJ/m2mm
Fit Coeff. R : 0.9981 (7 Data Points)
JIC : 103.1 kJ/m2 (588.9 in.–lb/in.2 )
Δa (JIC) : 0.059 mm (0.0023 in.)
T Average : 146.0 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 259.31 kJ/m2 Exponent n : 0.5713
Fit Coeff. R : 0.9912 (7 Data Points)
JIC (0.20) : 122.8 kJ/m2 (701.0 in.–lb/in.2 )
Δa (JIC) : 0.270 mm (0.0106 in.)
T Average : 140.8 (JIC at 0.20)
JIC (0.15) : 106.6 kJ/m2 (608.5 in.–lb/in.2 )
Δa (JIC) : 0.211 mm (0.0083 in.)
T Average : 143.7 (JIC at 0.15)
Kjc : 247.3 MPa–m0.5

Figure C–53. Fracture surface of material from the spare
pump volute VR aged 10,000 h at 400°C and
tested at room temperature
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Table C–56. Test data for specimen VRO–01

Test Number : 0096 Test Temp. : 290°C
Material Type : CF–8 Heat Number : VR
Aging Temp. : 25°C Aging Time : 0 h
Spec. Thickness : 25.33 mm Net Thickness : 20.27 mm
Spec. Width : 50.84 mm Flow Stress : 266.83 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 15.91 15.94 0.0553 15.547 0.318
2 40.17 39.93 –0.0958 18.143 0.607
3 68.59 69.31 0.1872 19.553 0.910
4 98.60 97.45 –0.1773 20.520 1.208
5 129.73 130.19 0.0539 21.327 1.509
6 162.87 161.37 –0.1671 22.037 1.810
7 193.74 196.05 0.1871 22.609 2.108
8 226.69 229.86 0.2548 23.250 2.410
9 261.18 265.22 0.3138 23.786 2.709
1 0 296.36 301.80 0.3974 24.242 3.011
1 1 331.10 338.77 0.5145 24.632 3.309
1 2 366.68 376.62 0.6214 24.952 3.611
1 3 399.35 415.54 0.8895 25.091 3.910
1 4 438.27 453.20 0.8404 25.289 4.212
1 5 472.16 493.45 1.0679 25.427 4.510
1 6 508.57 533.16 1.1768 25.644 4.815
1 7 540.05 573.63 1.4538 25.769 5.111
1 8 580.24 612.70 1.4219 25.784 5.411
1 9 605.19 656.27 1.9235 25.686 5.714
2 0 638.55 695.00 2.0597 25.552 6.011
2 1 666.08 737.24 2.4119 25.304 6.310
2 2 705.14 777.44 2.4377 25.372 6.613
2 3 733.88 820.84 2.7522 25.347 6.912
2 4 778.46 861.36 2.6700 25.205 7.217
2 5 811.71 919.46 3.1426 24.670 7.611
2 6 841.39 972.55 3.5635 23.580 8.003
2 7 868.95 1027.34 4.0288 23.107 8.410
2 8 913.08 1093.48 4.3809 22.634 8.905
2 9 967.92 1175.21 4.7788 21.890 9.508
3 0 1011.39 1255.24 5.2839 20.890 10.110
3 1 1046.09 1332.69 5.8400 20.106 10.711
3 2 1088.61 1408.41 6.2462 19.386 11.311
3 3 1119.11 1484.76 6.7773 18.701 11.910
3 4 1165.44 1558.48 7.0769 18.096 12.509
3 5 1178.81 1634.68 7.7320 16.843 13.122
3 6 1192.05 1703.24 8.2852 16.274 13.711
3 7 1237.26 1772.48 8.5133 15.821 14.310
3 8 1268.42 1857.21 8.9943 14.816 15.012
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Table C–57. Deformation JIC and J–R curve results for specimen VRO–01

Test Number : 0096 Test Temp. : 290°C
Material Type : CF–8 Heat Number : VR
Aging Temp. : 25°C Aging Time : 0 h
Spec. Thickness : 25.33 mm Net Thickness : 20.27 mm
Spec. Width : 50.84 mm Flow Stress : 266.83 MPa
Modulus E : 167.27 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 28.5406 mm Init. a/ w : 0.5614 (Measured)
Final Crack : 38.4188 mm Final a /w : 0.7557 (Measured)
Final Crack : 37.5349 mm Final a /w : 0.7383 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 254.657 kJ/m2 Slope M : 194.97 kJ/m2mm
Fit Coeff. R : 0.9699 (10 Data Points)
JIC : 311.6 kJ/m2 (1779.1 in.–lb/in.2 )
Δa (JIC) : 0.292 mm (0.0115 in.)
T Average : 458.0 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 457.58 kJ/m2 Exponent n : 0.4765
Fit Coeff. R : 0.9828 (10 Data Points)
JIC (0.20) : 332.4 kJ/m2 (1898.3 in.–lb/in.2 )
Δa (JIC) : 0.511 mm (0.0201 in.)
T Average : 459.5 (JIC at 0.20)
JIC (0.15) : 309.4 kJ/m2 (1766.7 in.–lb/in.2 )
Δa (JIC) : 0.440 mm (0.0173 in.)
T Average : 469.0 (JIC at 0.15)
Kj c : 330.6 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 396.64 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 2.112 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 3 Zone B = 2
Data Point Spacing : OK
bnet or bo Size : Inadequate
dJ/da at JIC : OK
ao Measurement : 9 Outside Limit
ao Measurement : 1 Outside Limit
af Measurement : Near–Surface Outside Limit
Crack Size Estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 270.42 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.230 mm (Δa=0.1bo)
Δa (max) Allowed : 4.423 mm (ω=5)
Data Points : Zone A = 14 Zone B = 3
Data Point Spacing : Inadequate
J–R Curve Data : Invalid
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Table C–58. Modified JIC and J–R curve results for specimen VRO–01

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 243.338 kJ/m2 Slope M : 226.83 kJ/m2mm
Fit Coeff. R : 0.9793 (10 Data Points)
JIC : 309.0 kJ/m2 (1764.5 in.–lb/in.2 )
Δa (JIC) : 0.290 mm (0.0114 in.)
T Average : 532.9 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 478.86 kJ/m2 Exponent n : 0.5211
Fit Coeff. R : 0.9872 (10 Data Points)
JIC (0.20) : 340.1 kJ/m2 (1942.2 in.–lb/in.2 )
Δa (JIC) : 0.519 mm (0.0204 in.)
T Average : 524.1 (JIC at 0.20)
JIC (0.15) : 313.6 kJ/m2 (1790.7 in.–lb/in.2 )
Δa (JIC) : 0.444 mm (0.0175 in.)
T Average : 534.1 (JIC at 0.15)
Kj c : 346.4 MPa–m0.5

Figure C–56. Fracture surface of the unaged spare pump
volute VR tested at 290°C
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Table C–59. Test data for specimen VRI–02

Test Number : 0122 Test Temp : 290°C
Material Type : CF-8 Heat Number : VR
Aging Temp : 400°C Aging Time : 10,000 h
Spec. Thickness : 25.33 mm Net Thickness : 20.32 mm
Spec. Width : 50.80 mm Flow Stress : 305.10 MPa

Unload Jd Jm Δa Load Deflection
Number ( k J / m 2 ) ( k J / m 2 ) ( m m ) ( k N ) ( m m )

1 11.27 11.24 –0.1042 15.270 0.255
2 42.07 42.43 0.1060 19.718 0.605
3 83.39 84.12 0.1964 22.275 1.008
4 128.46 129.82 0.2891 23.877 1.407
5 176.68 178.04 0.2892 25.022 1.806
6 226.20 229.51 0.4454 25.791 2.207
7 269.61 274.71 0.5638 26.235 2.555
8 308.23 322.96 1.1097 26.463 2.905
9 354.48 368.06 1.0535 26.560 3.257
1 0 395.79 418.07 1.4272 26.516 3.607
1 1 435.67 465.67 1.7243 26.010 3.958
1 2 468.49 514.77 2.2933 25.524 4.311
1 3 509.83 559.04 2.3866 24.998 4.654
1 4 537.28 608.90 3.0450 24.085 5.009
1 5 573.52 660.29 3.4548 23.687 5.406
1 6 614.33 713.45 3.7620 23.452 5.807
1 7 644.42 767.96 4.3276 22.947 6.205
1 8 684.87 819.78 4.5718 22.254 6.607
1 9 718.15 873.02 4.9726 21.339 7.006
2 0 741.44 925.13 5.5188 20.523 7.409
2 1 769.53 973.63 5.8844 19.589 7.805
2 2 790.96 1023.56 6.3686 18.622 8.209
2 3 805.95 1071.10 6.8969 17.850 8.606
2 4 815.67 1117.20 7.4624 16.585 9.005
2 5 819.79 1160.81 8.0527 15.335 9.405
2 6 830.33 1203.09 8.5090 14.748 9.807
2 7 843.13 1245.59 8.9191 14.074 10.207
2 8 852.34 1287.52 9.3540 13.460 10.606
2 9 861.93 1328.39 9.7548 12.958 11.005
3 0 888.45 1379.39 10.0524 12.220 11.505
3 1 887.35 1429.21 10.6458 10.897 12.008
3 2 879.58 1472.71 11.2237 10.133 12.505
3 3 874.98 1514.85 11.7323 9.284 13.005
3 4 868.79 1555.74 12.2275 8.555 13.505
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Table C–60. Deformation JIC  and J–R curve results for specimen VRI–02

Test Number : 0122 Test Temp : 290°C
Material Type : CF-8 Heat Number : VR
Aging Temp : 400°C Aging Time : 10,000 h
Spec. Thickness : 25.33 mm Net Thickness : 20.32 mm
Spec. Width : 50.80 mm Flow Stress : 305.10 MPa
Modulus E : 172.77 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Init. Crack : 28.3219 mm Init. a/ w : 0.5575 (Measured)
Final Crack : 41.6063 mm Final a /w : 0.8190 (Measured)
Final Crack : 40.5494 mm Final a /w : 0.7982 (Compliance)

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 167.80 kJ/m2 Slope M : 155.48 kJ/m2mm
Fit Coeff. R : 0.9687 (6 Data Points)
JIC : 192.3 kJ/m2 (1098.0 in.–lb/in.2 )
Δa (JIC) : 0.158 mm (0.0062 in.)
T Average : 288.6 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 331.58 kJ/m2 Exponent N : 0.4477
Fit Coeff. R : 0.9658 (6 Data Points)
JIC (0.20) : 213.8 kJ/m2 (1220.7 in.–lb/in.2 )
Δa (JIC) : 0.375 mm (0.0148 in.)
T Average : 270.8 (JIC at 0.20)
JIC (0.15) : 196.6 kJ/m2 (1122.5 in.–lb/in.2 )
Δa (JIC) : 0.311 mm (0.0122 in.)
T Average : 277.4 (JIC at 0.15)
Kjc : 275.0 MPa–m0.5

JIC Validity & Data Qualification (E 813–85)
Jmax Allowed : 457.25 kJ/m2 (Jmax=boσf/15)
Data Limit : Jmax Ignored
Δa (max) Allowed : 1.859 mm (at 1.5 Exclusion Line)
Data Limit : 1.5 Exclusion Line
Data Points : Zone A = 2 Zone B = 2
Data Point Spacing : OK
bnet or bo Size : OK
dJ/da at JIC : OK
af  Measurement : Near-surface outside limit
Initial Crack Shape : OK
Crack size estimate : Inadequate (by Compliance)
E Effective : OK
JIC Estimate : Invalid

J–R Curve Validity & Data Qualification (E 1152–86)
Jmax Allowed : 310.01 kJ/m2 (Jmax=bnetσf/20)
Δa (max) Allowed : 2.248 mm (Δa=0.1bo)
Δa (max) Allowed : 4.175 mm (ω=5)
Data Points : Zone A = 5 Zone B = 5
Data Point Spacing : Inadequate
J-R Curve Data : Invalid
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Table C–61. Modified JIC and J–R curve results for specimen VRI–02

Linear Fit J = B+M (ΔΔΔΔ a )
Intercept B : 160.956 kJ/m2 Slope M : 176.04 kJ/m2mm
Fit Coeff. R : 0.9751 (6 Data Points)
JIC : 188.1 kJ/m2 (1074.0 in.–lb/in.2 )
Δa (JIC) : 0.154 mm (0.0061 in.)
T Average : 326.7 (JIC at 0.15)

Power–Law Fit J = C(ΔΔΔΔa)n
Coeff. C : 345.76 kJ/m2 Exponent N : 0.4855
Fit Coeff. R : 0.9717 (6 Data Points)
JIC (0.20) : 215.1 kJ/m2 (128.3 in.–lb/in.2 )
Δa (JIC) : 0.376 mm (0.0148 in.)
T Average : 304.5 (JIC at 0.20)
JIC (0.15) : 196.0 kJ/m2 (1119.1 in.–lb/in.2 )
Δa (JIC) : 0.311 mm (0.0122 in.)
T Average : 311.4 (JIC at 0.15)
Kj c : 285.1 MPa–m0.5

Figure C–59. Fracture surface of the spare pump volute VR
aged 10,000 h at 400°C and tested at 290°C
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Figure C–60. Deformation J–R Curve at 290°C for spare pump volute VR aged
10,000 h at 400°C
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