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Assessment of Thermal Embrittiement of Cast Stainless Steels

by
0. K. Chopra and W. J. Shack

Abstract

A procedure and correlations are presented for assessing thermal embrittlement and pre-
dicting Charpy-impact energy and fracture toughness J-R curve of cast stainless steel compo-
nents under light water reactor operating conditions from known material information. The
“saturation” impaci strength and iracture toughness of a specific cas! stainless steel, i.e., the
minimm value that would be achieved for the materfal after long-term service, is estimated
from the chemical composition of the steel. Fracture properties as a function of time and
temperature of reactor service are estimated from the kinetics of embrittlement, which are also
determined from chemical composition. A common “predicted lower-bound” J-R curve for cast
stainless steels of unknown chemical composition is also defined for a given grade of steel,
ferrite content, and temperature. Examples ol estimating fracture toughness of cast stainless
steel components during reactor service are presented.
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Coefficient of the power-law J-R corve.
Chromium equivalent for a material (wt.%).

Room-temperature “normalized” Charpy-impact energy, i.e., Charpy-impact energy
per unit fracture area, at any given service and aging time (J/cm?2), The fracture
area for a standard Charpy V-notch specimen (ASTM Specification E 23) is 0.8 cm?,
Divide the value of impact energy in J by 0.8 to obtain "normalized” impact energy.

[nitial room-temperature “normalized” Charpy-impact energy of a material, Le.,
unaged material (J/cm?).

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

Certified material test record,

Deformation J per ASTM Specification E 813-85 or E 1152-87 (kdJ /m?).
Exponent of the power-law J-R curve.

Nickel equivalent for a material (wt.%).

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

Activation energy for the process of thermal embrittlement (kJ/mole).
Service or aging time (h).

Service or aging temperature (C).

Shape factor of the curve for the change in room-temperature Charpy-impact energy
with time and temperature of aging,

Half the maximum change in room-temperature Charpy-impact energy.
Ferrite content caleulated from the chemical composition of a material (%).
Crack extension (mm).

Material parameter.

Aging behavior at 400°C, i.e., the log of the time to achieve §§ reduction in impact
erergy at 400°C.

Standard deviation for the it to a data set.

In this report, all values of impact energy are considered to be for a standard Charpy-V-
notch specimen per ASTM Specification E 23), te., 10 x 10-mm cross section and 2-mm
V notch, hrpact energies obtained on subsize specimens should be normalized with respect to
the actual ¢ ross-sectional area and appropriate correction factors should be applied to account
for size effe~ts. Similarly, impact energy from other standards, e.g., U-notch specimen, should
be convertea to a Charpy-V-notch value by appropriate correlations.
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<y, estimates based on t orrelations vield conservative values of fracture
to ghness,

¢  The sauration RT impact energy Cygy 18 estima from two different correlations. For
most aeaws, the two methods give comparable estiimates. For a few heats, however, one or
the other set of expressions gives more accurate estimates. it is likely that minor ditfer-
ences in the composition and microstructure of the ferrite caused by differences in produc-
tion heat treatment and possibly the casting process influence Cygy values. These factors
cannot be guantified frora the present data base. To ensure that the estimates are either
accurate or conservative for all heats of cast S8 within ASTM Specification A 351, the
lower of the two estirated values is used for estimating the fracture properties.

. Difterent correlaticas ave used to estimate the saturation RT impact energy Cyaatr for
CF-8M steels with <10 and 210 wt.% Ni.

. Separate correlations are given for estimating fracture toughness J-R curves for static-
and centrifugally cast SS8s. Also, the correlation for estimating exponent n of the power-
law J-R curve has been modified

o  For Ci"-3 and CF-8 steels, the expression ‘or estimating the activation erergy for thermal
embrittlement has been moditied. The effect of Mo and Mn content has, been omitted and
the eftect of C content has been added in the updated expression.

The criteria used in developing these correlations ensure that the estimated mechanical
properties are adequately conservative for cast $S8s defined by ASTM Specification A 351 * The
correlacons 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. Mechanical properti=s are expressed in S! units (sec
Nomenclature for units of measure and for conversion factors for British units).

2 Assessment of Thermal Embrittiement

Mech.nical properties of cast SSs during reactor service are estimated from the extent of
thermal embrittlement for the material. The extent of thermal embrittlement is characterized
by RT “normalized” Charpy-tinpact energy. A correlation for the extent of 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 chemical composition. Extent of thermal embrittlement as
a function of titne and temperature of reactor service is estimated from the extent of embrittle-
ment at saturation and from correlations that describe the kinetics of embrittlement, which are
also given in terms of the chemical composition of the steel, The fracture toughness J-R curve
for the material is then obtained from the correlation between fracture toughness parametess
s e RT Charpy-impact energy used to characterize the extent of thermal embrittlement.

*These carrelations may vield nonconservative estimates of fracture toughness J-R curve for a few compositions of

static-cast CF-8M steel that are very seusittve to thermal aging. (e, those compositions of static-casi SS for
which the estimated value of Cygy Is <25 Jfem? (<15 ftib). These compasidons should contain 225% ferrite.
The existing data are not adeguate to ar trately establish the correlations between room-temperature Charpy-
impact energy and fracture toughness paiimeters for estimated values of Cygy <25 J/em?
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Figure 1. Flow diagram for estimating mechanical properties of aged cast SSs in LWR systems

A flow ¢ gvom for estirwcing Charpy-impact energy and fracture toughness J-R curve of
cast SS components (s snown in Fig. 1. The estimation scheme is divided into three sections
on the basis of available information. In Section A, "predicted lower-bound” fracture toughness
is defined tor CF-3, CF-8, and CF-8M steels ol unniwown composition. When the ferrite con-
tent of the steel is known, a different lower-boand fracture toughness is defined fc r steels con-
tatning <10%, 10-15%, or >15% ferrite. Sections B ‘nd C present procedures for estimating
mechantcal properties when a CMTR is available.  section B describes the estimation of
“saturation” impact energy and fracture toughness J-R curve. The only information needed for
these estimations is the chemical compesition of the (naterial.



The present correlations account for the degradation of mechanical properties due to
thermal aging. They do not explicitly consider the initial fracture properties of the unaged ma-
terial. It is possible that the estimations of saturation fracture toughness based on chemical
composition are higher than the fracture toughness of the unaged material. Some cast SSs are
inherently weak and may have poor fracture properties in the unaged condition. When infor-
mation is available on either the initial fracture toughness of a material or the initial RT
Charpy-impact energy for estimating fracture toughness, and when the J-R curve estimated
from the chemical composition is higher than the initial fracture toughness of unaged material,
the latter is used as the saturation J-R curve of the material. Such cast SSs are relatively in-
sensitive to thermal aging, and the fracture toughness of the material would not charge during
reactor service. Furthermore, when no information is available on the initial fracture tough-
ness of a material, the minimum fracture toughness of unaged cast 85s is used as a upper
bound for the estimated fracture toughness; i.e.. when the J-R curve estimated from the
chemical composition is higher than the minimum fracture toughness of unaged cast SSs, the
latter is used as the saturation J-R curve of a material.

Estimation of mechanical properties at any given time and temperature of service, ie.,
service-time properties, is described in Section €. The initial impact energy of the unaged ma-
terial is required for these estimations. [If not known. the initial impact energy can be assumed
to be 200 J/em?. However, stmilar to Section B, initial fracture toughness of the unaged mate-
rial or the mintmum fracture toughness of unaged cast 5Ss is used as a upper bound for the
estimations.

2.1 Estimate for Steels of Unknown Composition:
Lower-Bound Values

For east SSs of unknown chemical composition within ASTM Specification A 351, the
lower-bound fracture toughness J-R curve is defined for a given method of casting, material
grade, and temperature. The J R curve is expressed by the power-law relation Jg = C{Aa)n,
where Jg is detormation J per ASTM Specifications E 813-85 and E 1152-87, Aa is the crack
extension, and C and n are constants, The lower-bound curve is based on the “"worst case”
material condition, e g, >20% ferrite content, The cast $Ss used in the U.S, nuclear industry
generally contain <15% ferrite. The lower-bound fracture properties for a specific casting
method and grade of steel may therefore be very conservative for most steels. More realistic
estimates ol lower-bound properties are obtained if the ferrite content of the steel is known.
The ferrite content of a cast 58 component can be measured in the field with a ferrite scope.
The lower-bound J-R curves at RT and 290°C for static- and centrifugally cast CF-3, CF-8,
and CF-8M steels with > 15%, 10-15%, and <10% ferrite are shown in Figs. 2 and 3 and the
values of the coefficient C and exponent n for the J-R curves are given in Table 1.

2.2 Estimate for Steels of Known Composition and Unknown
Service History: Saturation Values

221 Charpy-impact Energy
When -+ CMTR is avatlable, the saturation RT impact energy of a specific cast SS s deter-

mined from chermical composition and ferrite content of the matertal. The ferrite content is cal-
culated from chemical composition in terms of the Hull's equivalent factors®
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Table 1. Values of coefficient C and exponent n for lower-bound J-R curve
Jor cast SSs

Static-Cast Centrifugally Cast
Room Temp. 290°C Room Temp. 290°C

Grade 2 n € n c n c n
CF-3 287 0.39 264 0.35 334 0.39 347 0.35
CF-8 261 037 251 0.34 304 0.37 330 0.34
CF-BM# 19 033 167 031 149 033 195 031
Forrite Content 10-15¢

CF-3 342 .40 290 0.36 398 (.40 382 0.36
CF-H 307 0.38 274 0.35 357 0.38 360 0,35
CF-8M 149 0.35 192 0.32 186 0.35 223 0.32
CF-3 400 .40 331 0.39 507 0.43 435 0.39
CF & 394 040 813 0.37 458 041 412 0.37
CF-8M 211 .36 238 (.33 264 0.36 276 .33

#The lower-bound J-R curve for static-cast CF-8M steels may not be applicable for
same compositions of steel that contain 225% ferrite and are very sensitive to
thermal aging. See footnote page 2

Creq = Cr+ 1.21(Mo) + 0.48(S1) - 4,99 (1)
and
Nieq = (Ni) + 0.1 1(Mn) - 0.0086(Mn)2 + 18.4(N) + 24.5(C) + 2.77. (2)

The concentration of N is often not available in the CMTR; if not known, it is assumed to be
0.04 wt.%. The ferrite content &, is given by

Different correlations are used to estimate the saturation RT impact energy of the various
grades of cast §S. To ensure that the estimates are either accurate or conservative for all
heats, the saturation RT impact energy for a specific cast S8 is determined by two different ex-
pressions, and the lower value is used for estimating fracture properties. For CF-3 and CF-8
steels, the saturation value of RT impact energy Cyga is the lower value determined from

log 10Cveat = 1.15 + 1.36exp(-0.035®), (4)
where the material parameter @ s expressed as
@ = S (Cr + SHC + 0.4N), (5)

and from

log 10Cvsat = 5.64 - 0.0068, ~ 0.185Cr + 0.273Mo - 0.204Si
+ 0.044N1 - 2.12(C + 0.4N). (6)

e



For CF-8M sieel with <10% Ni, the saturation value of RT tmpact energy Cygy is the lower
value determined from

log 10Cven = 1,10+ 2. 12exp(-0.04 ] d), (7)
where the material parameter @ s Pxprmscd' as

@ = 6.(N1 + Si+ Mn)2(C + 0.41/5: (8)
and from

Ik 10 vt = 7.28 = 0.01 18, - 0.185Cr - 0.569Mo - 0.4518Si
- 0.007N1 - 4.71C + 0.4N). (9)

For CF-8M steel with »10% Ni, the saturation value of RT tmpact energy Cyga is the lower
value detecmined from

log 10C veat = 1. 10 + 2.64exp(-0.064®), (10)
where the material parameter @ is expressed as

@ = 5o(Ni+ 51+ Mn)4(C + 0.4N)/5; (i1
and from

log 10Cysat = 7.28 - 0,01 18, -~ 0. 185Cr - 0.369Mo - 0.4518Si
< 0.007Ni - 4.71(C + 0.4N). (12)

It not known, the N content in Egs. 4-12 can be assumed to be 0.04 wt.%. The ferrite content
d. used in developing Egs. 4-12 was calculated trom Hull's equivalent factors. Using & values
determined by methods other than Hull's may result in nonconservative estimates of mechani-
cal properties.  For example, estimations of ferrite content based on ASTM A 800/A 8O0M 847
are «20% lower than those obtained from Hull's method for ferrite levels »12% and are compa-
rable for lower ferrite levels. Consequently, 8. determined by the ASTM method for cast S5s
with >12% ferrite may yleld nonconservative estimates of fracture properties,

The correlations expressed in Eqs. 4-12 have been validated with Charpy-impact and
fracture toughness data from service-aged cast S8 components from the decommisstoned
Shippingport reactor; the KRB reactor in Gundremmingen, Germany; and the Ringhals 2 reac-
tor in Sweden. ? The correlations do not consider the effect of Nb and may not be applicable for
Nb-bearing steels.  Also, they do not differentiate between product form, f.e., static-cast or
centrifugally cast materials,

- ¢ -
For all compositions ol CF-8M steel. material parameter © was expressed as SeCrINIHSI 2(C+0.4N) /100 in Rel. 5
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222 Fracture Toughness J-R Curve

The saturation fracture toughness J-R curve for a specific cast SS can be e timated from
its RT impact energy at saturation, Cyey. The saturation fracture toughness J-2 curve for
static- and centrifugally cast steels is given by

J, = a(C }h(\.su)". (13)

Vaar
where the exponent 1 is given by

n=c+dlog,;Cuul (14)
and the values of constants a. b, ¢, and « for different grades of steel and test temperature are
given in Tables 2 and 3. The J-R curve at any intermediate temperature can be linearly inter-
polated from the estimated values of C and n at RT and at 290°C.

The currelations described in Egs. 4-14 account for the degradation of mechanical proper-
ties of typica! beats of cast 8S. They do not consider the initial fracture properties of the un-
aged material. Some heats of cast SSs may have low initial fracture toughness, and estimates
from Kqs. 4-14 may be higher than the initial value. Some knowledge regarding the initial
fracture toughness of the material is therefore needed to justity the use of the estimated frac-
ture toughness.

The CMTR for a specific cast SS component provides information on chemical compaosition,
tensile strength, and possibly Charpy-impact energy of the material; fracture toughness is not
available in CMTRs. At temperatures between RT and 320°C, the minimum fracture toughness
of unaged static-cast $8s can be expressed as

Tabie 2. Values of constanis in Eq. 13 for estimating power-law J-R curve
Jor cast 5Ss

Static-Cast Centrifugally Cast
Room Temp 200°C Room Temp. 290°C
Crivde a b a b a b a b
CF-3, CF-8 49 0.52 102 0.28 57 0.52 134 0.28
CF-8M 16 067 49 0.41 20 067 57 041

Table 3. Values of constants in Eq. 14 for estimating exponent n of
power-law J-K curve for cast SSs

Raom Temp 290°C
Grade ¢ o [ o
CF-3 015 0.16 0.17 012
CF-R .20 012 0.21 0.09
LF-8M 0.23 008 073 006

0
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J, = 400(aa)” ", (15)

and of centrifugally cast SSs as

047

J, = 650(Aa) (16)

When no information is available, these minimum fracture toughness J-R curves may be
used as the initial fracture toughness of a cast material. The fracture toughness J-R curve for
unaged material may also be obtained by using the initial RT Charpy-impact energy, Cyjn, in-
stead of Cyey in Eqs. 13 and 14, However, Egs. 15 and 16 are used as a lower bound for the
initial fracture toughness of the matertal. When the estimation based on Cyyyy is lower than
the minimum fracture toughness J-R curve expressed in Eqgs. 15 and 16, the latter is used as
the initial J-R curve of the material.

When the initial £ cture toughness or initial RT Charpy-impact energy for estimating
fracture toughness of a matertal is known, and when the J-R curve estimated from Cygy and
fqs. 13 and 14 is higher than the initial fracture toughness of unaged material, the latter is
used as the saturation J-R curve of the material. Such cases represent low-fracture-tough-
ness materials that are relatively insensitive to thermal aging, i.e., fracture toughness of the
matertal would not change during reactor service.

When no information is available on either the initial fracture toughness or initial RT
Charpy-tmpact energy for estimating fracture toughness of a material, the minimum fracture
toughness of unaged cast SSs is used as the upper bound for the predicted fracture toughness
of the aged material. In other words, if the J-R curve estimated from Cygy and Egs. 13 and 14
is higher than the minimum fracture toughness of unaged cast SSs (i.e., Egs. 15 and 16), the
latter is used as the saturation J-R curve of a material.

2.3 Estimate for Steels of Known Composition and Service History:
Service-Time Values

The RT timpact energy as a function of time and temperature of aging of a specific cast S%
is determined from its estimated RT saturation impact ener |, Cygyr and the kinetics of embrit -
tlerment. The decrease in RT Charpy-impact energy Cy with time is expressed as

log 10Cy = 1og 10Cveat + Bl - tanh [P - 8)/all, (17)

whiere the aging parameter P is defined by

1000Q | 1 1 )
P = log,(t)- — e - ' 18
o8l 15123 T.+ 273 673 e
The constants « and B can be determined from Cyyy and Cygy as follows:
o = ~0.585 + 0.79510g 1 0C veat (19)

and



B = (o) 0Cvint - I0g10Cvsat) /2. (20)

If Cyint 18 not known, a typical value of 200 J/cm? (118 ft-lb) may be used. The value of 0
varies with service temperature; it is 3.3 for <280°C («5367F), 2.9 for 280-330°C (536-626°F),
and 2.5 for 330-360"C {626-680 F). Activation energy for thermal embrittlement is expressed
in terms of both chemical composition and the constant 6. The activation energy ) is given by

Q=10[7452-7.200-3468i- .78 Cr -4.35 [ Mn
+(148 - 125 1)) N~ 61 1 C], (21)

where the indicators 1} = O and Iy = 1 for CF-3 or CF-8 steels and assume the values of 1 and
0, respectively, for CF-8M steels. Equation 21 is based on Charpy-impact data obtained from
materials that were aged up to 58,000 h at 290-400°C (554-752°F) and is an updated version®
of an expression presented earlier 5 It is applicable to compositions within ASTM Spectfication
A 351, with an upper limit of 1.2 wt.% lor Mn content. Actual Mn content is used when mate -
rials contain up to 1.2 wi.% Mn; for steels containing »1.2 wt.% Mn, 1.2 wt.% is assumed.
Furthermore, the values of Q predicted from Eq. 21 should be between 65 kJ/mole
(15.5 keal/mole) mindmum and 250 kJ/mole (59.8 keal/mole) maximum; Q is assumed to be
65 kd/mole if the predicted values are lower, and 250 kJ/mole if the predicted values are
higher.

The RT Charpy-impact energy of a specific cast 8S as a function of service time and tem-
perature can be obtained from estimated Cyeyy (Eqs. 4-12) and the kinetics of embrittlement
(Egs. 17-21). The fracture toughness J-R curve is then obtained by using the estimated RT
Charpy-impact energy Cy in Eqgs. 13 and 14, However, depending on the available informa-
tion, minimum fracture toughness of cast SSs (Eqgs. 15 or 16) or initial fracture toughness of
the unaged material is used as the upper bound for the estimations.

3 Conclusions

At cedure and correlations are presented for predicting Charpy-impact energy and
fracture Oghness J-R curve of aged cast $Ss (ASTM A 351) from known material information.
Mechanical properties ol a specific cast 8S are estimated from the extent and kinetics of ther-
mal embrittlement. Embrittlement of cast S8s is characterized in terms of RT Charpy-impact
energy. The extent or degree of thermal embrittlement at “saturation,” i.e., the minimum im-
pact energy that can be achieved for the maierial after long-term aging, is determined from
chemical composition of the steel. Charpy-impact energy as a function of time and tempera-
ture of reactor service is estimated trom the kinetics of thermal embrittlement, which is also
determined from the chemical composition. The initial impact energy of the unaged steel is re-
quired for these estimations. The fracture toughness J-R curve for the matertal is then ob-
tained from correlations between RT Charpy-timpact energy and fracture toughness parame-
ters. A common “predicted lower-bound” J-R carve for cast S8s with unknown chemical com-
position is also defined for a given grade of stesl, range of ferrite contents, and temperature.
Typical examples for estimating fracture properties of cast SS components during reactor ser-
vice are described in the Appendix.

- g

The updated expression for CF-8M steel is essentially an optimized version of the earlier expression, For CF-3
and CF-# steels, the effect of Mo and Mn content has been omitted and the effect of © has been added in the up-
dated expression

1
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Appendix

Estimation of Fracture Properties of Cast $Ss

The ¢ frelations described in this report can be used for assessing thermal embrittlemer:t
of cast 55 components. The procedure involves a few simple steps. First, available information
about the material and service condition is obtained from the CMTR; i.e., if known, determine
the chemical composition, grade of steel, casting method, Charpy-impact properties, and time
and temperature ot service. Then, on the basis of available information, various schemes are
used to estimate the fracture toughness J-R curve and Charpy-impact energy of the aged ma-
tertal. Typical examples for estimating fracture properties of cast S8 components during reac-
tor service are presented.

Example 1. A centrifugally cast CF-8 pipe, 0.51 m nominal diameter, in service at 302°C
(B7HF) for I8 effective full power years {efpys). The following material information is also
knouon,

Measured Perrite Content (%):  14.2

Only the lower-bound fracture toughness J-R curve can be estimated for this steel, be-
cause only the grade and ferrite content are known® and the chemical composition of the mate-
ral ts not known. The estimation scheme for this example involves one step and is shown in
Fig. A-1. The lower-bound fracture toughness represents the minimum toughness that can be
achieved after long-term aging by centrifugally cast CF-8 steels containing 10-15% ferrite.

| ESTIMATION SCHEME |

R P

-~
N

Lower-Bound

Section A:

J-R Curve for LOWER BOUND
Ferrite Range

ASAAEASRRRRALLRALARAL SRR SRR,
Arssrassmsssstrsshssasssnansnes

R s

Estimate for unknown composition

Figure A- 1. Estimation scheme for Example 1

Step 1. From Table | the predicted lower-bound fracture toughness J-R curve for centrifu-
gally cast CF-8 steel with 10-15% ferrite, at RT, is given by

Ja (k! /m?) = 3587[Aaloun]}O 38 (A-1.1)

-
CF 8M steel and > 15% ferrite are assumed (f the grade and territe content of the steel are not known

A1l
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and at 290°C (554'F) by
Jg (kd/m2) = 360[Aalmm)|0 35, (A-1.2)

The J-R curve at a service temperature of 302°C can be linearly extrapolated from Eqs. A-1.1
and A-1.2. The curve at 302 °C is not significantly different from that at 290°C and can be ap-
proximated as

Ja (kJ/m¥) = 360[Aa{mm)|035, (A-1.3)

Example 2. A static-cast CF-8 check palve in service at 282°C (540°F}. The following material
information is also known.

Chem. Comp. (wt%): Cr, 20.26: Mo, 0.01: Si, 1.45; Ni. 884; Mn, 1.10; C,0.056; N, 0.041
Measured Ferrite Content (%) 104
RT Charpy-Impact Eneragy (J): 150.4

Only the saturation fracture properties can be estimated in this case. because the time of
service s not known, The estimation scheme for this example is shown in Fig. A-2. The satu-
ration fracture toughness represents the minimum toughness that can be achieved by this
specific cast S8 after long-term aging,
Step 1. The caleulated lerrite content (Eqgs. 1-3) s

B¢ (%)= T0.8.

Step 2. The material parameter @ tor CF-8 steel (Eq. 5) is 16.94. Saturation RT Charpy-im -
pact energy in terms of @ (Eq. 4) is 79.8 J/em?, and in terms of composition (Eq. 6), it is

58 8 J/em?. The lower of the two values is used for fracture toughness estimations; thus

Cvsa (J/cm?) = 5H.8,

Step 3. The saturation fracture toughness J-R curve for static-cast CF-8 steel, at RT
(Eqgs. 13, 14 and Tables 2 and 3), is given by

Jg (kJ/m?) = 407 8l Aa(mm)|0 41 (A-2.1)
and at 200°C, by

Ja (kJ/m?2) = 319.2(Aalmm)|? 37 (A-2.2)
The saturation fracture toughness J-R curve at a service temperature of 282°C is linearly in-
terpolated from Eqs. A-2.1 and A-2.2. The curve at 282°C is not significantly different from

that at 290°C and can be approximated as

Jg (kJ/m?) = 319.2[Aa(mm)]0 37 (A-2.3)
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Figure A-2. Estimation scheme for Example 2
This corresponds to a Jg value of 579 kd/m? (3306 in.-1b/in.2) at 5-mm crack extension.

Step 4, The inftial RT Charpy-tmpact energy” is 150.4 J. The normalized value is obtained by
dividing this value by the cross-sectional area of the Charpy-impact spectien, i.e., 0.8 em?,

(‘\,’"“ ((’/(""‘!) = IH“.().
Step 5. The initial J-R curve for the unaged material is the higher of either Eq. 15 or the J-R
curve determined from Eqgs. 13 and 14 using Cyyy instead of Cygy. The initial J-R curve at

282°C s not significantly different from that at 290°C and can be approximated as

Jo (kJ/m?2) = 441 9l Aalmm)[041 (A-2.4)

X e
In this report, all values of impact energy are considered to be for a standard Charpy-V-notch specimen (ASTM
Specification E 23), Le., 10 x 10-mm cross section and 2-mm V notch

A-3
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Figure A-3. Estimation scheme for Example 3
Example 4. A static-cast CF-8M elbow, 0.66 m nominal size, in service at 325°C (617°F) for
9 efpys. The following maltertal information is also known.
Chem. Comp, (wt.%): Cr, 20.21; Mo, 2.09; Si, 1.03; Ni, 10.24; Mn, 0.77; C, 0.037: N, 0.044
Charpy-Impact Energy (J): 2096

Service time, as well as saturation lracture properties, can be estimated in this case, be-
cause both chemical composition and service conditions for the material are known. The esti-
mation scheme for this exampie is shown in Fig. A-4. The saturation fracture toughness rep-
resents the minimum toughness that can be achieved by this cast SS after long-term aging and
the service time fracture toughness is the value after 9 etpys of service at 325°C.

Step 1. The caleulated ferrite content {(Eqs. 1-3) is

S (%)= 16.1.

A-5




Step 2. The material parameter @ for static-cast CF-8M steel with >10% Ni (Eq. 11) Is 25.56,
Saturation KT Charpv-impact energy in terms of @ (Eq. 10} is 41.1 J/em?, and in terms of
composition (Eq. 12), it is 62,9 J/cm?. The lower of the two values is used for fracture tough-
riess estimations, thus

Cysat (J/em?) =411,

Step 3. The saturation fracture toughness J-R curve for this static-cast CF-8M steel, at RT
(Eqgs. 13, 14 and Tables 2 and 3), is given by

Jo (k) /m?2) = 193]Aalmm)|V-36 (A-4.1)
and at 290 °C, by
Jg (ke /m?) = 225[Aa(mm)|9 33, (A-4.2)

The saturation-lracture-toughness J-R curve at a service temperature of 325°C is linearly ex-
trapolated from Eqgs. A-4.1 and A-4.2 as

Jog (kd/m?2) = 229(Aalmm)|© 33, (A-4.3)
Ihis corresponds to a Jg value of 389 kJ/m? (2224 in.1b/in?) at 5-mm crack extension,
Step 4. The Kineties tor thermal embrittlement of this steel, e, the activation energy . and
aging parameter P corresponding to 9 efpys (78840 h) of service at 325°C (617°F) are estimated
from chemical composition and service conditions.

6=20 lor service temperatures of 280-330°C.

Q) (kJ/mole) = 117.6 from Eq. 21 (with I} = 1 and lg = O).

Pe= 3762 from Eq. 18,

Step 5. The initial RT Charpy-impact energy is 209.6 J. The normalized value is obtained by
dividing by the crnss-sectional area of the Charpy-impact specimen, ie., 0.8 cm<,

(‘\'"“ (Ll/"'"z) = 2(;2()
Step 6. The initial J-R curve for the unaged material is the higher of either Eq. 15 or the J-R
curve determined from Eqs. 13 and 14 using Cyyyy instead of Cygyg. In this example, the initial
J-R curve at KT is obtained from Eqs. 13 and 14 as

Jy (kd/m¥) = 667[Aalmm))© 42, (A-4.4)
and at 290°C as

Jd (kJ/m2) = 4811Aalmm)]0 38, (A-4.5)
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Figure A-4 Estimation scheme for Example 4

The initial-fracture-toughness J-R curve at a service temperature of 325°C is linearly extrapo-
lated from Eqgs. A-4.4 and A-4 5 as

Jg (kJ/m?) = 456[Aalmm)|0 37 (A-4.6)
This corresponds to a Jg value of 827 kJ/m< (4723 in.-Ib/in.<) at 5-mm crack extension,
Step 7. The constants in Eq. 17 are obtained from Cyga and Cyyne.

a = (.6U8 from Eq. 19

B = 0402 from Eq. 20



Step 8. Information from steps 2 and 7 are used to determine the Charpy-impact energy Cy
after 9 efpys at 325°C.

Cy (J/em?) = 47.7 from Eq. 17.

Step 9. The service-time-fracture-toughness J-R curve for static-cast CF-8M stecl, at RT, is
given by

Ja (kJ/m2) = 213[Aafmim))0.36 (A-4.7)
and at 290°C, by
Jd (kJ/m?) = 239(Aa(mm))0-33, (A-4.8)

The service-time-fracture-toughness J-R curve at a service temperature of 325°C is linearly
extrapolated from Eqs. A-4.7 and A-4.8 as

Jy (kJ/m?) = 242(Aalmm)}0-33, (A-4.9)
This corresponds to a Jg value of 412 kJ/m? (2350 in.-lb/in.4) at 5-mm crack extensiorn.
Thermal aging decreases the fracture toughness of this steel from 827 to 412 kJ/ m? after

9 efpy of service at 325°C: the saturation fracture toughness in the fully aged condition
corresponds to a Jg value of 389 kJ/m?.

A-8
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