THIS DOCUMENT CONTAINS
POOR QUALITY PAGES

westinghiouse Water Reactor Nuciear Technoica ¢ Division
Electric Corporation Divisions Box 385

Pirtsburgh Pennsylvania 15230
September 18, 1980
NS~-TMA-2312

Mr. James R. Miller, Chief

Special Projects Branch

Division of Project Management

U. S. Nuclear Regulatory Commission
Phillips Building

7920 Norfolk Avenue

Bethesda, Maryland 20014

Subject: Review of WCAP-9292
Dear Mr. Miller:

Enclosed are fifty (50) copies of responses to NRC questions on WCAP-9292
entitled "Dynamic Fracture Toughness of ASME SA 508 Class 2a and ASME SA 533
Grade A Class 2 Base and Heat Affected Zone Material ind Applicable Weld
Metals." The enclosed (non-proprietary) information is being provided in
response to the Materials Engineering Branch request for additional informa-
tion received via the July 25, 1979, letter from J. F. Stolz (NRC) to

T. M. Anderson (Westinghouse).

Review of the enclosed documentation in the context of WCAP-9292 is requested.
Furthermore, we request consideration of WCAP-9292 and this supplemental
information in conjunction with specific safety analysis report references.

Very truly yours,

T. M. Anderson, Manager
Nuclear Safety Department

CLG/T™MA/jaw
Enclosure

ce: L. L. Kintner, 1L, 1A
R. M. Gamble, 1L, 1A

80092300% O



120.0

120.1

Response:

MATCRIALS ENGINEERING BRANCH

In the cover letter attached to Westinghouse Topical Report
WCAP-9292 (letter C. Eicheldinger to J. F. Stolz, NS-CE-1730,
dated March 17, 1978) it is stated that this report was sub~-
mitted in support of nine licensing applications, as well as
any future plants, using SA 508 Class 2a or SA 533 Grade A
Class 2 steels in a pressure retaining component of the reactor
coolant pressure boundary. Expand this list of plants to
include (a) all operating plants, all plants currently under
licensing review (CP or OL), and all standard NSSS designs

(PDA or FDA), (b) the affected components, and (c) the specific
location in the component (e.g., main coolant RV outlet nozzle,
RV head flange, pressurizer manway) wher: the subject high
strength steels have been, or will be, used.

Table 120.1-1 identifies usages of SA 508 Class 2a and
SA 533 Class 2 materia’s in primary pressure retaining
applications by plant, component, and location in the
coaponent .

For future plants, including those referencing RESAR documents,
SA 508 Class 2a and SA 533 Class 2 steels may be used in the
following primary pressure retaining applications:

SA 508 Class 2a: steam generator tubesheets
steam generator support rings
steam generator primary nozzles
steam generator primary manways
pressurizer nozzles

pressurizer manways
SA 533 Class 2: steam generator channel heads

pressurizer heads

pressurizer shells

120~-1
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Plant (Docket Number)

North Anna Unit 1 (50-338)
North Anna Unit 2 (50-339)
Seabrook Unit 1 (50-443)
Seabrook Unit 2 (50-444)
Sequoyah Unit 1 (50-327)
Sequoyah Unit 2 (50-329)
Shearon Harris Unit 1 (50-400)
Shearon Harris Unit 2 (50-401)
Scuth Texas Unit L (50-498)
Sourh Texas Unit 2 (50-499)
Virgil C. Summer (50-395)
Trojan (50-344)

Alvin W. Vogtle Unit 1 (50-424)
Alvin W. Vogtle Unit 2 (50-425)
Watts Bar Unit 1 (50-390)
Watts Bar Unit 2 (50-391)

Wolf Creek (50-482)

Zion Unit 2 750-304)

TABLE 120.1-1

(Continued)

PRESSURIZER (Conrimen)

SA 508 Class 22

s — : —_— SE— el
Safety and Relief
Spray Nexzle Surge Nozzle Nozzles Manway
4 x X 4
X ¢ 2 ) §
X i 4 4
4 b  § 4
X N 4 4
b 4 X 4 “
) 4 b ¢  § 4
4 4 X X

SA 533 Grade A Class 2
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120.2 (a) Present the details of typical material histories for the
subject steels. The histories should include the as received
metallurgical condition and all significant fabrication steps
(e.g., tyne and degree of working, heat treatment time and
temperature, welding process description, final product
dimensions). Confirm that the steels will be used in the
above stated conditions in all applications. If chere are
aexceptions indicate what the exceptions are and what operating
plants or plants under comstruction are affected.

(b) Present the details of the test specimen history for the
subject steels. The history should include specimen origin
(material, form, size and metallurgical conditiomn), location
and orientation of the specimens in the original product,
degree of working, aad heat treatment time and temperature.

Response: (a) SA 508 Class 2a forgings and SA 533 Class 2 plates are
received in the quanched and tempered condition; these base
materials have a specified minimum tempering temperature of
1175°F,

SA 508 Class 2a

Typical as received metallurgical conditions for SA 508 Class 2a

forgings are presented below; this information has beer extracted
from actual material certificaticns for production materials and

is considered to be representative.

Component Heat
Part Treatment
Steam Generator Heated to 1590° + 10°F, held 18 hr. and
Tubesheet water quenched; tempered 1190° + 10°F and
held 18 hr.
Steam Generator Heated to 1575°F, held 16 hr. and water
Support Ring quenched; tempered 1180°F and held 20 hr.

Heated to 1590° + 10°F, held 8.5 hr. and
water quenched; tempered 1250°F and held
13 hr,

120-5



Steam Generator
Primary Nozzle

Steam Generator
and Pressurizer

Heated to 1640°F, held 9 hr. and water
quenched; tempered 1280°F and held 1l hr.

Heated to 1560°

water quenched;

+ 25°F, held 7.5 hr. and
tempered 1250° + 25°F and

Manways held 7 hr.
Heated to 1560° + 15°F, held 12 hr. and
water quenched; tempered 1180° r lg,F and
held 12 hr.
Pressurizer Heated to 1580° + 10°F, held 2 hr. and
Nozzles water quenched; tempered 1240° + 10°F and

held 3 hr.

The production forgings (represented by WCAP-9292) encompass a

complete range of thicknesses and degree of working [i.e., from
tubesheets (approximately 24 inches) to small nozzles (weld end
of approximately 1-1/2 inches)].

SA 533 Grade A Class 2

Typical as received metallurgical conditioms for SA 533 Grade A
Class 2 plates are presented in Table 3-2 of WCAP-9292. It
should be noted that the SA 533 Grade A Class 2 test specimens

were taken from actual production material; therefore, the as
received conditions given in Table 3-2 of WCAP-9292 are con-

sidered to be representative.
During fabricationm, SA 533 Grade A Class 2 plate material used

for shells is shaped by cold forming to the shell curvature
prior to welding.

120-6



SA 533 Grade B Class 2
A typical as received metallurgical condition for SA 533 Grade B

Class 2 plates is presented below; this information has been
extracted from actual material certifications for production
materials and is considered to he representative.

Component Heat
Part Treatment
Steam Generator Heated to 1625°F/1675°F, held 1 hr. per inch
Channel Head thickness (minimum) and water quenched;

tempered 1190°F and held 1 hr. per inmch
thickness (minimum).

All welding of these base materials is performed in accordauce
with ASME qualified procedures using:

~ Submerged Arc Welding with ASME SFA 5.17 type EH-14
modified weld wire and Linde 0091 flux.

- Shielded Metal Arc Welding with ASME SFA 5.5 type
E~9018-M electrodes.

The anticipated post-weld heat treatments (PWHT) for the primary
pressure retaining weldments (of various thicknesses) range

from 3 to 30 (accumulated) hours at 1125°F in accordance with the
ASME Code requirements. The most typical PWHT is 10-15 hours

at 1125°F or 15-18 hours at 1000°F.

Final dimensions are supplied to each customer via "as built
drawings." Typical product dimensions of the steam generatcr
tubesheet, support ring, primary nozzle, primary manway, channel
head, and the pressurizer nozzles, manway, head, and shell are
shown in Figures 120.2-1 through 120,2-10, respectively.

120-7



(b) The metallurgical conditions of the SA 508 Class 2Za and
SA 533 Grade A Class 2 test specimens are given in Tables 2-1
and 3-2 of WCAP-9292, respectively.

To represent the large range of thicknesses (noted in part (a)l,
SA 508 Class 2a test forgings were cbtained from two of the
vendors, which supply production forgings; the test forging
thickness selected was 4 inches. The forged SA 508 Class 2a
base plates measured 4x12x36 inches. The test specimen layouis
for the SA 508 Clase 2a base material and heat affected zone |
(HAZ) material are shown in Figures 120.2-1l and 120.2-12, |

respectively.

As stated in part (a), the SA 533 Grade A Class 2 test material

was obtained from accual production material. The four SA 533

Grade A Class 2 base plates measured approximately 3./x114x285 .
inches. The SA 533 Grade A Class specimens were oriented in

the L-T orientation, as defined by ASTM E-399. The test speci-

men layouts for the SA 533 Grade A Class 2 base material and

HAZ material/weld metal are shown in Figures 120.2-13 and

120.2-14, respectively.

As stated in WCAP-9292, the PWHT times on the weldments tested
were 3/3.5 hours at 1125°F., Subsequent to submittal of WCAP-9252
to the NRC and in order to encompass the anticipated production
PWHT ranges, Westinghouse has further investigated the effect

of PWHT time and temperature on fracture toughness properties.
Specifically, dynamic fracture toughness testing was performed
on SA 508 Class 2a and SA 533 Grade B Class 2 steels, which

have been subjected to one of the three following long time

post-weld type stress relief heat trestments:

48 hours at 1000°F
24 hours at 1125°F
48 hours at 1125°F



The results of this testing are presented in Appendix A; all
of the dynamic fracture toughness values exceed the ASME
specified minimum reference toughness RIR curve. The testing
documented in WCAP-9292 and Appendix A considers (and exceeds)
the PWHT ranges anticipated during production.

120-9
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FIGURE 120.2-1

Steam Generator Tubesiieet
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FIGURE 120.2-3 o

Steam Generator Primary Nozzle
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FIGURE 120,2-5

Steam Generator Channel Head
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FIGURE 120.2-8
Pressurizer Manway
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TABLE 120,2-12
SA 508 Class 2a HAZ Material Test Specimen Laycat
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4+ 4+ k4 %
Pleces 1 , 2, 3,4 , 5,6

* - Weld Specimens

+ - HAZ Specimens

- e U A,

TABLE 120.2-14

SA 533 Grade A Class 2 HAZ Material/Weld Metal Test Specimen Layout



120.3

Response:

Paragraph G-2110(b), Appendix G of Sectiom III of the ASME
Code, states that if materials with a minimum specified yield
strength greater than 50 KSI are to be used in conditions where
radiation may affect the material properties, the effect of
radiation on the Kyg curve shall be determined prior to the

use of these materials in manufacture. The topical report
presents no data on the effect of radiation on either SA 5u8
Class 2a or SA 533 Grade A Class > materials.

Paragraph IV.B of 10 CFR Part 50. Appendix G, requires that
reactor vessel beltline materials have a minimum upper shelf
energy, as determined from Charpy V-notch tests on unirradiated
specimens, of 75 ft-lbs unless it can be demcnstrated, by
appropriate data and analyses, that lower values of upper shelf
energy still provide adequate margin for deterioration from
ir-adiation. From a review of the Charpy V-notch impact energy
curves presented in the topical report for the subject steels,
it has been determined that the initial upper shelf energy of
SA 508 Class 2a material will be in the range of 60-65 ft-lbs.
Also, no data or analyses were presented in the topical report
to justify the use of this low upper shelf material in the
reactor vessel beltline regiom.

It is our position that SA 508 Class 2a and SA 533 Grade A
Class 2 materials not be used in the beltline regiom of any
reactor vessel until sufficient data are provided for these
materials to demonstrate (1) the effect of neutron irradiatiom
on the material properties and (2) compliance with the minimum
upper shelf requirements of Paragraph 1V.B of 10 CFR Part 50,

Appendix G.

To date, SA 508 Class 2a and SA 533 Grade A Class 2 materials
have not been used in any reactor vessel application, including
the beltline region. Furthermore, SA 508 Class 2a and SA 533
Grade A Class 2 are not presently identified in the reactor
vessel equipment specifications as materials for use in the
reactor vessel beltline region. The information presented in
WCAP-9292 does not qualify SA 508 Class 2a and SA 533 Grade A
Class 2 materials for use in the beltline region of the reactor

vessel.

120-24



120.4

Response:

(a) In Section 4-A of the report it is stated that at low
temperatures (below the tramsition temperature) the ma*terial
fracture toughness was calculated directly from the failure
load, as outlined in ASTM E-399-74. However, it is also stated
that in some cases the specified size criterion was not met by
the one inch thi:k CT specimens. Identify all of the test
results that did not meet the E-399-74 size criteriom.

(b) For all other tests (those conducted above the transition
temperature) identify the criterion that was used to determine
the validity of the test and provide techmical justification
for using this criterion. Identify all of the test results
that did not meet this criteriom.

Provide technical justification for the inclusion of any results
in this report that did not meet the test validity criteria.

(a) The ASTM E-399 size criterion requires that the specimen
crack length (a) and thickness (B) be greater than 2.5 times
the conditional fracture toughness divided by the material's
yield strength as shown helow

a, B> 2.5 (:3 ¥,
YS

In Figures 120.4~1 through 120.4-4, the dynamic fracture tough-
ness data points, which meet the ASTM E-399 size criterion,
are circled. In determining which specimens meet this validity
criterion, the specimen thickness was deemed the primary speci-
men dimension and the static yield strength was utilized in
the calculations. Employing the static, rather than dynamic,
yield strength is conservative and produces the minimum possible
aumber of valid tests. As shown in Figures 120.4-1 through
120.4~4, six SA 508 Class 2a specimens and 12 SA 533 Grade A

‘ags 2 specimens satisfied the ASTM E-399 size criterion: of
the 12 SA 533 Grade A Class 2 specimens, only two were base
metal tests. It shculd be noted that little advantage results
from testing the substantially larger three inch thick compact
tension specimens.
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(b) Details of the dynamic test parameters and characteristics
observed in analyzing all the SA 508 Class 2a and SA 533 Grade A
Class 2 dynamic fracture toughness tests are summarized in Table
120.4~1. The primary test validity criterion employed in WCAP-9292
is the cleavage initiacion criterion, which is included in TabJl2
120.4-1 and discussed in the following paragraphs.

The behavior of each dynamic fracture toughness test specimen fell
into one of five distinctly separate categories. These five cate-
gories are dependent in part on test temperature, observed speci-
men fracture behavior, and whether the load-to-failure or dynamic

resistance curve test technique was utilized.

0f particular interest are the parameters which divide the various
categories. These include: (a) the ratio of the maximum load
experienced by the test specimen (PM) to the five percent secant
offset load (PQ) and (b) the cleavage initiation criterionm,
defined by:

An 10.:5 J
’ : |

where Aa is the average amount of stretching (blunting) and Iy

(effective yield strength) is a stress midway between the
material's yield and ultimate stresses. The PM/PQ ratio governs
which K versus J relationship is appropriate, while the cleavage
initiation criterion determines whether the dynamic fracture
toughness vrlues obtained via a specimen loaded-to-failure at

high transition range or upper shelf temperatures is valid. For
ferritic steels, compliance with the cleavage initiation criterion
indicates cleavage initiation; if da is larger, the mode of
fracture initiation is tlibrous.

Many of these dynamic test parameters and acceptance criteria

were arrived at simultaneously by various investigators. For
example, Davidson, in the preliminary draft of ASME E10.02 Task
Group G "Supplemental Test Methods for Reactor Vessel Surveillance,”
recommended the identical elastic/elastic-plastic and cleavage/
fibrous initiation criteria as those employed in WCAP-9292. 1In

120-26



addition, Server et al., in "Experimental and Statistical Require-
ments for Developing a Well-Defined KIR Curve" (EPRI NP-372) and
Oldfield et al., in Appendix C of FCC77-1, "Analysis of Radiationm
Embrittlement Reference Toughness Curves' utilized the identical
PM/PQ ratis to establish whether a dynamic fracture toughness

test shou.d be considered elastic or elastic-plastic. They

also recrmmended cleavage and fibrous initiation criteria,

definod below, which are similar to those utilized in WCAP-9292
except that they are related to the bulk specimen dimensions as
opposed to the acrtual crack extension experienced by the specimen.

50 Ju
a, b, B2 Cleavage Initiation
Y
25 JM
a, b, B > ~ Fibrous Initiation
Y

In the above expressions, a, b and B are the test specimen crack
length, remaining ligament and thickness, respectively. Further-
more, the MPC/PVRC Working Group on Reference Toughness has
employed the identical acceptance criteria in gathering over

300 heats of dynamic fracture toughness data, the purpose of
which is to develop and recommend a new, statistically defined,

reference toughness KIR curve.
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Test Technique

Temperature

Fracture Behavicr

Crack Initiation

Formula for Calculating
K orJ

Relationship Between
K and J

Load-Displacement Record

Comments

l

~

La

TABLE 120.4-1
DYNAMIC TEST PARAMETERS AND CHARACTERISTICS

Low

Elascic

Cleavage
fs‘; .
K = £
Q" 5

K= Byt

1-v
Linear

Fracture Occurs
at Maximum Load

- 1.00

Mid-Transition

Elastic-Plastic

Cleavage

Lo ) 24
J.(.——)
1002 ®»

K- (Bt

1-v
Non-Linear

Fracture Occurs
at Maximum Load

Load-to-Faflure

~e Dynamic Resistance
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NOTES TO TABLE 120.4-1

A = area under load-load point displacement record in energy
units

a = original crack size (includes machine notch plus fatigue
precrack)

Aa = gstable, ductile (fibrous) crack extension adjacent to

specimen precrack

B = gpecimen thickness
b = initial uncracked ligament, b = w-a
E = Young's modulus

£3) = function of 5 per ASTM E-399

J = ] - integral, elastic plastic fracture toughness
K = gtress intensity factor, linear elastic fracture toughness
KQ = conditional fracture toughness
PM = maximum load
PQ = five percent offset load as defined in ASTM E-399
W = gpecimen width (depth)
l+a

(T:_f) = dimensionless coefficient value which corrects for the
- tensile strength

L = ultimate tensile strength

GY = effect.ve yield strength, OY = ozs : %ut
oys = 0.2% offset yield strength

v = Poison's ratio
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Response:

In order that we may verify the test results of this report,
supply the load versus displacement curves for “he following
tests:

Reference Test
Figure No. Material TO-Material /TO-Weld Temperature
5-1 508~2a 5389 75°F
5«2 508-2a HAZ 5389/4109 25
6~1 533-2 2864 50
6~2 533-2 HAZ 4336/4113 25
6-2 533~2 Weld 4335/4098 125

Also provide a sample calculation of the J and K values for ome
of these tests.

Load-displacement records for the tests reflected in Figures
5-1, 5-2, and 6~2 of WCAP-9292 are given in Figure 120.5-1.
Note that the load-displacement record corvesponding to
Figure 6~1 of WCAP-9292 is not available.

Table 120.4~1 (in the Response to Question 120.4) includes
the »>rmula for calculation of K or J values.
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Load-displacement record
corresponding to

Figure 5-2 of WCAP-9292.
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Load-displacement record
corresponding to

Figure 6-2 (Weld) of
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120.6

Response:

Paragraph G-2110(b), Appendix G, Section III of the ASME Code
states that the Kyg curve may be used for steels having a
minimum specified yield strength greater than 50 ksi, but less
than or equal to 9C ksi, if fracture mechanics data similar

to the Kyp data of WRCB-175 are obtained for this material

and 1if all of tle data fall above the Kyg curve. This topical
report utilizeus linear elastic Kyp tests at low temperatures
and J-integ.al R-curve tests at the upper transition region
and upper shelf region temperatures to evaluate the dynamic
fracture toughness of SA 533 Grade A Class 2 and SA 508

Class 2a steels and demonstrate compliance with the code
requirement.

The results of the J-integral R-curve testing indicate that,
in the upper transition and upper shelf temperarure regioms,
SA 533 Grade A Class 2 steel has an adequate value of Jip
(and therefore, Kip) and T (the tearing modulus). However,
the same type tests conducted on SA 508 Class 2a steel were
at temperatures relatively low in the transition regiom and
consequently the data indicate that this material has com-
paratively low values of Jyp and T as compared to SA 533
Class 1 or 2 steels.

To demonstrate the adequacy of SA 508 Class 2a steel in the
upper transition region and upper shelf region, the topical
report should be modified to include either

(1) one or two additional Jip test results (from actual
testing or from the literature) at a test temperature
of at least T-RTypr = 150°F; or

(2) an Appendix G type analysis that demonstrates the
adequacy of the maximum experimental Kyp values obtained
in this investigation for the material as used in actual
components at normal full power operati~q conditions.

Concern has been expressed due to the fact that the maximum
transition temperature dynamic iracture toughness values (load-
to-failure test technique) obtained on the SA 508 Class 2a
base materials equaled approximately 150 ksi vin(166 MPavm ),
compared with a maximum value of 200 ksi Yin(221 MPavm ) for
the ASME specified minimum reference toughness KIR curve.

In addition, upper shelf dynamic fracture toughness values
(dynamic resistance curve test technique) also averaged approx-
imately 150 kei vIn(166 MPavm ) (see Figure 5-1 of WCAP-9292).
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The following paragraphs address these transition temperature

and upper shelf dynamic fracture toughness valu:s and demonstrate
that effective dynamic fracture toughness values for SA 508

Class 2a steel (at transition range and upper shelf temperatures)
are in excess of 200 ksi v in (221 MPa v m). In particular,
consideration is given to data which did not satisfy the cleavage
initiation criterion, discussed in the response to Question 120.4
(that is, Aa > 245259; however, this data indicates that stable
crack extension can be sustained to effective dynamic fracture

toughness values in excess of 200 ksi v in (221 MPa v m).

Consider first the upper shelf dynamic fracture toughness

values. Basically, these fracture toughness values were calcu-
lated utilizing J-integral techniques as opposed to linear
elastic (K) techniques. The major difference between linear
elastic (K) and elastic plastic (J) fracture toughness values is
that the J values are based on crack initiation (zero crack
extension due to actual material separation) whereas the K values
are based on 2 percent effective crack growth (including the
effect of plastic zone formationm).

Lo :don has compared the upper shelf fracture toughness values
dev loped via K and J test techniques for several nateriall.(l'?
0f particular interest are the results for an ASTM A471 NiCrMoV
rotor steel (see Figure 120.6-1), where the upper shelf fracture
toughness values were developed utilizing 8TCT specimens. In
pa’ ticular, at 250°F (121°C) fracture toughness based on crack
initiation (J) equals approximately 150 ksi vin (166 MPa/m )
while the linear elastic fracture toughness values are slightly
in excess of 200 ksi vin (221 MPavm ). Seven inch thick speci-
mens would be adequate to obtain valid ASTM E-399 fracture
toughness values for this material at 250°F (121°C). The 250°F
(121°C) resistance curve for this material (see Figure 120 6-2)
extrapolated to 0.140 in, (0.36 cm) of crack extension (equiva-

lent to 2 percent effective crack growth in a seven inch thick

120-39



compact tension specimen) yields a J value of 1500 2%2%9

(0.263 !!o. The corresponding equivalent fracture toughness
value equals approximat: ly 220 ksi vin (224 MPavm ) and is
plotted in Figure 120.6-1. This equivalent fracture toughness
value exceeds the linear elastic fracture toughness values
because a portion of the allowable effective crack growth in
the linear elastic KIC test is used up as platicity (crack
blunting), the remainder going into actual crack extension.

If we estimate the dynmamic yield strength of the SA 508 Class

2a steel to fall between 110 and 120 ksi (758 and 827 MPa) at
150°F (66°C), an eight inch thick specimen would be required to
obtain valid dynamic fracture toughness values (per the ASTM
E-399 size criterion) for this material. Dynamic fracture
toughness values at the upper limits of the ASME specified mini-
mum reference toughness ‘Il curve were developed on eight inch
thick compact temsion specimens tested by Shabbits, and as such a
maximum crack extemsion of 0.160 in. in these specimens was °
pontiblc.(a) Standard resistance curves for the SA 508 Class 2a
materials at 150°C (66°C) are include< in Figure 5-4 of WCAP-9292.
Stable crack growth has been demonstrated om both heats of SA 508
Class 2a material to approximately 0.040 in. (N.102 cm) of crack
extension. Therefore, we can use the maximum J values observed
for each heat of SA 508 Class 2a materfal since stable crack
extension has been demonstrated to .his point. These maximum J
and corresponding K (J) values are presented in Table 120.6-1.
Clearly, the SA 508 Class 2a steel can sustain s .able crack
extensiin to effective dynamic fracture toughness values in
excess of 200 ksi vin (221 MPaYm ) at upper shelf temperatures.

The average tearing modulus for SA 508 Class 2a equals 66 (non-
dimensional) (see Table 120.6-1). The higher the tearing modulus
the greater che ability of a material to absorb energy upon
additional crack extension. Materials which have a tearing modulus
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over 1G0 (high toughness stainless steels, etc.) tynically demon-
strate a high degree of stability against tearing mechanisms for
all crack configurations. A tearing modulus below 10 virtually
ensures tearing instability in some crack configurations as soon
as JLC and limit load are reached. Additionally. a typical rotor
st:el would have a tearing modulus near 30. Therefore, the

SA 508 Class 2a steel demonstrates an average to above average
ability to absorb energy upon addiciomal crack extension.

Further evidence that SA 508 Class 2a has an effective dymamic frac-
ture toughness in excess of 200 ksi vim (221 MPaym ) can be noted by

obscrv;ng the modified resistance curves illustrated in Figure 5-5
of WCAP-9292. These modified resistance curves were obtained from
specimens which were dynamically loaded directly to failurc and
where the degree of stable, ductile crack extension was fortunately
marked by a change in fracture mode. Table 120.6-2 summarizes

the various test parameters for each of the individual specimens
which make up these modified resistance curves. Dymamic fracture
toughness values cbtained from these specimens were not included

in Figure 5-1 of WCAP-9292 because they failed to mezt the

cleavage initiation criterion, defined by:

sa < 0.55 2
;

where Aa is the average amount of stretching (blunting) and Iy
(effective yield strength) is a stress midway between the
material's yield and ultimate stresses. For ferritic steels,
compliance with the above requirement indicates cleavage initiation;
if Aa is larger, the mode of fracture initiation is fibrous.
Neverthel=ss, it is obvious that dynamic fracture toughness values
as high as 764,2 ksi Yin (292.5 MPa/m ) at corresponding crack
extensions of 0.12¢7 in. (0.322 cm) have been observed.
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Incidently, if Wastinghouse would utilize the bulk specimen
dimension cleavage/fibrous initiation criterion and concentrate

on the specimen thickness (B) as the primary controlling dimension
of iuterest, all the specimens which make up the modified resis-
tance curves of Figure 5-5 of WCAP-9292 with the exception of
those tested at 150°F (66°C) would meet the requirement for
cleavage initiation. Those dynamic fracture toughness values
which meet the bulk specimen dimension cleavage/fibrous initiation
criterion are included in Figure 120.6-3.

In conclusion, effective dynamic fracture toughness values in
excess of 200 ksi vin (221 MPa/m ) have been demonstrated for
SA 508 Class 2a steel au both transition range and upper shelf
temperatures.
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TABLE 120.6-2

Various Test Parameters for Each of the Individual Specimens
Which Make up the SA50U8 Class 2a Modified Resistance Curves

Temperature Te:’::;“““ Crack ¢
T NDT Extension in-~1b MJ K(J)
Specimen —— =
Number °F e °F *c in cm in m ksiv/in MPa/m
5387-3-1 75 24 20 -7 .0317 .081 1201.1 .210 189.8 210.1
= 5387-3-5 100 38 45 7 L0146 .037 916.2 160 165.8 183.5
L
z 5387-3-6 125 52 70 21 .0367 .093 1417.5 .248 206.2 228.3
5337-3-9 150 66 95 3: .0907 .230 2019.1 .354 246.1 272.4
5387-3-10 75 24 20 -7 .0160 .041 1074.7 .188 179.6 198.8
5389-5-5 100 38 30 -1 L0117 .030 831.9 146 158.0 174.9
5389-5-6 125 52 55 13 L0417 .106 1191.7 .209 189.1 209.3
5389-5-9 150 66 8o ! 27 L1267 322 2326.9 407 264.2 292.5
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APPENDIX A

The Influence of Long Time Post-Weld Type
Stress Relief Heat Treatmrnts on the

Dynamic Fracture Toughaess of

SAS08 Class 2a and SAS33 Grade B Class 2 Steels




INTROLUCTION

As stated in WCAP-9292, the PWHT times on the weldments tested were 3/3.5
hours at 1125°F. Subsequent to submittal of WCAP-9292 to the NRC and in
order to encompass the anticipated production PWHT ranges, Westinghouse

+ag further investigated the effect of PWHT time and temperature on
fracture toughness properties. Specifically, dynamic fracture toughness
testing was performed o: SA 508 Class 2a and SA 533 Grade B Class 2 steels,
which have been subjected to one of the three following long time post-weld
type scress relief heat treatments:

48 hours at 1000°F
24 hours at 1125°F
48 hours at 1125°F

The results of this testing are presented herein; all of the dynamic
fracture toughness values exceed the ASME specified minimum reference
toughness Kig curve.

’

RESULTS

Tensile

The influence of long time post-weld type stresr relief heat treatments
on the tensile propci.ies of SA 508 Class 2a and SA 533 Grade B Class 2
pressure vessel steels, the chemical compositions and heat treatments

of which are outlined in Table A-l, are illustrated in Figures A-l1 and
A-2, respectively. Each data point represents the average of two tensi’e

tests. The ASTM room temperature tensile requirements for SA 508 Clas, 2a
are a minimum yield strength of 65 ksi (450 MPa), a range in ultimate
strength of 90 to lis .1 (620 to 795 MPa), and minimum total elongation




and area reductions of 16 and 35 percent, respec“ively. The minimum
specified room temperature yield strength for SA 533 Grade B Class 2
steel equals 70 ksi (485 MPa), while all other temsile requiremeats are
identical with those of the SA 508 Class 2a steel. Both steels easily
conform to all ASTM tensile requirements irrespective of heat treatment
(see Table A-2).

The yield and ultimate strengthe of as received and stress relieved

(48 hours at LO00°F, 538°C) SA 508 Class 2a steel were basically identical
while the higher temperature (1125°F, 607°C) stress relief heat treatments
resulted in au increase in both strer~ h levels. It is difficult to
observe a clear trend between heat treatment and strength relative to the
SA 533 Grade B Class 2 steel. Interestingly, the 24 hours at 1125°F
(670°C) stress relief produced the highest yield and ultimate strengths
for both materials. The ductility (reduction in area and percent elonga-
tion) of both materials was essentially independent of stress rel.e:. heat
treatment.

Cha ct

Charpy V-notch impact properties of the SA 508 Class 2a and SA 533 Crade B
Class 2 steels are illustrated in Figures A-3 and A-4, respectively, and
summarized along with the drop weight nil-ductility transition (NDT)
temperatures and corresponding reference temperatures (RINDT) in Table A-3.
The method for establishing a reference temperature is outlined in detail
in Section III, Divisi-n I and Subsection NB-2331 of the ASME Boiler and
Pressure Vessel Code. Thes. reference temperatures are required so that
the dynamic fracture toughness data can be plotted versus T-RTNDT for
comparison with the ASME specified minimum reference toughness KIR curve.
Reference temperatures for the SA 508 Class 2a and SA 533 Grade B Class 2
steels were controlled by the 50 ft-lb energy absorption temperatures and
drop weight NDT temperatures, respectively.
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The higher temperature (1125°F, 607°C) stress relief heat treatments

pr wced the highest: a) fracture appeara=c: tramnsition temperatures

(FATT), b) 50 ft-1b energy absorption temperatures, ¢) 35 mil lateral

expap- .on temperatures, d) drop weight NDT temperatures and e) corresponding
recerence temperatures relative to S& 508 Class 2a steel. Thus, the

higher temperature stress relief he.t treatments have a moderately detri-
mental influence on the Charpy ‘wpact and drop weight NDT properties

of SA 508 Class 2a steel.

No obvious trend between the st-ess relief heat treatments and Charny
impact values is apparent relative to the SA £33 Grade B Class 2 steel,
other than that the upper shelf energy absorption levels and lateral
expansions behaved exactly opposite of those demonstrated by the SA 508
Class 2a steel. For the SA 533 Grade B Class 2 steel, the lowest tempera-
ture stress relief (1000°F, 538°C) prcduced the lowest level oi upper
shelf enmergy absorption and smallest lateral expansion. In additiom, the
various stress relief heat treatments had no influence on the drop weight
NDT temperature. of SA 533 Grade B Class 2 steel and, since for this
material the reference temperatur2s were controlled by the drop weight
NDT temperatures, the reference temperatures were also unaffected by the
stress relief heat treatments.

Dynamic Fracture Toughness

Dynamic fracture toughness properties were developed on two quenched
and tempered pressure vessel steels (SA 508 Class 2a and SA 533 Grad . B
Class 2) which had been subjected to one of three long time post-weld
type stress relief heat treatments:

48 hours at 1000°F (538°C)
24 hours at 1125°F (607°C)
48 hours at 1125°F (607°C)



Figure A-5 illustrates the dynamic fracture toughness properties of

SA 503 Class 2a steel plotted versus absolute temperature. The closed
points representing the upper shelf dynamic fracture toughness properties
of SA 508 Class 2a were developed via the modified resistance curves of
Figure A-6. Clearly, the SA 508 Class 2a steel stress relieved for 24

or 48 hours at 1125°F (607°C) demonstrates inferior dynmamic fracture
toughness compared with the a. received or 1000°F (538°C) stress relieved
material. This behavior is consistent with the Charpy impact and drop
weight NDT properties developed on this material, where the hiy est
temperature stress relief resulted in moderately inferio: properties
compared with the as received and 48 hours at 1000°F (538°C) properties.
This same trend is observed when (he data is plotted versus T-RINmT for
comparison with the ASME specified mirimum reference toughness KIR curve
(see Figure A-7). Although these long time post weld type stres. relief
heat treatments definitely degrade the dynamic fracture toughness of

SA 508 Class 2a steel, the point that must be emphasized is that all the
dynamic fracture toughness values easily exceeded the ASME specified
minimum reference toughness KIR curve.

Interestingly, the dynamic fracture toughness of SA 508 Class 2a steel

was improved relative to the as received conditiun upon stress relieving
for 48 hours at 1000°F (538°C). Further work to examine whether additicmal
lower temperature post weld heat treatment temperatures (in particular
950°F, 510°C) can lend even greater improvements to this material's dynamic
fracture toughness, while still maintaining adequate stress relief, is
planned.

The dynamic fracture toughness of SA 533 Grade B Class 2 steel is plotted
versus absolute temperature and versus T-RTNDT in Figures A-8 and A-9,
respectively. The lowest dynamic fracture toughness again results from
the 48 hours at 1125°F (607°C) stress relief heat treatment. As was tre
case for the SA 508 Class 2a steel, however, all the dynamic fracture
toughness values fall substantially above the ASME specified ainimum

reference toughness K . curve.
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DISCL. SION

A comparison of the dynamic fracture toughness properties of three heats

of SA 508 Class 2a base and HAZ material are plotted versus absolute
temperature and versus T-RINDT in Figures A-10 and A-1l, respectively.

Note that of the three as-received base materials, T0-5388 has superior
dynamic fracture toughness. The obvious question that results considers
what if a particular heat of SA 508 Class 2a base material which demonstrates
below average dynamic fracture toughness (for example TO-5389) were stress
relieved for 48 hours at 1125°F (607°C), would its dynamic fracture tough-
ness values fall above the ASME specified minimum reference toughness

KIR curve? If an identical degradation or shift in temperature at a
particular dynamic fracture toughness level is assumed as that experienced
by T0-5388 when stress relieved for 48 hours at 1125°F (607°C), the dynamic
fracture toughness of TO-5389 would still fall comfortably above the ME
specified minimum reference toughness KIR curve.

Clearly, the SA 508 Class 2a heat affected zome (HAZ) materials which were
stress relieved for 3/3.5 hours at 1125°F (607°C) demonstrated superior
dynamic fracture toughness compared with the corresponding base materials.
As was the case for the SA 508 Class 2a base materials, subjecting the
corresponding HAZ .aterials to post weld stress relief heat treatuents
approaching 48 hours will undoubtedly reduce their dynamic fracture
toughness. Because of the superior, initial dynamic fracture toughness
properties characteristics of these SA 508 Class 2a HAZ materials (already
stress relieved for 3/3.5 hours at 1125°F, 607°r), this anticipated degrada-
tion in dynmamic fracture toughness which accompanies long time post-weld
stress relief heat treatments should not result in dynamic fracture
toughness values for these HAZ materials which fall below o:, for that
matter, even approach the ASME specified minimum reference toughness KIR

curve.
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Typical, actual post-weld stress relief heat treatments on the primary
pressure retaining weldments in recently fabricated components were in
the range of 10 to 15 hours at 1125°F (607°C) or 15 to 18 hours at
1000°F (538°C). Depending on weldment thickness, the anticipated post
weld stress relief heat treatment times car. range from 3 to 30 hours at
1125°F (607°C) per the ASME code requirements. Therefore, the dynamic
fracture toughness properties of any SA 508 Class 2a or SA 533 Grade B
Class 2 pressure vessel which was subjected to the most severe currently
employed stress relief heat treatment should easily exceed the ASME
specified winimum reference toughness ‘IR curve.

A-6




TABLE A-1 - Chemical Compositions and Heat Treatments of SAS08 Cl

2a and SA533 Gr B Cl 2 Pressure Vessel Steels

Chemical Compositions, Wt. Percent

Material Identification C Hn P S Si Ni Cr Mo v Cu Al
SAS508 C1 2a TO-5387 Ladle .20 o .008 .010 .28 .id .38 .61 JRE - e
Check .23 .66 010 .022 .26 .85 .35 .59 <08 o= e
TO-5388 Ladle .21 .63 . 006 L012 25 .73 .34 .62 £ T -
Check .19 7 .010 .009 .28 .83 .39 .60 <03 == -
TO-5389 Ladle .22 .70 .008 .006 .28 .18 .36 .65 ¥ - -
Check .22 .66 .011 207 .28 .82 .35 .60 DY R —
ASTM .27 .50-1.00 L012%  .025 .15-.40 .50-1.00 .25-.45 .55-.70 .05 08 =

? Requirements Max Max Max Max  Max
\‘8A533 Gr B Cl 2 A4943-3 Ladle .20 1.38 .013 .005 «23 .65 .18 .57 - 19 L043
ASTM .25 1.15-1.50 .012% .015*% .15-.40 A40-.70 - A5-.60 .05% .10% -~

Requirements Max Max Max Max Max

B
Opt ioral Restrictive Chemistry

Material

Heat Treatment

SAS08 Cl 2a

SA533 Gr B (1 2

Austenitize
Temper
Austenitize

Temper

1580°F (860°C), hold &4 hre
1230°F (666°C), hold 6 hrs
1650°F (899°C), hold 4 hrs
1260°F (682°C), hold 4 hrs

, Water Quench

, Furnace Cool

, Water Quench

, Furnace Cool
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TABLE A-2 - Room Temperature Tensile Properties of SAS08 Cl1 2a and

SA533 Gr B C1 2 Pressure Vessel Steels

Heat
Material Treatment
SA5S08 Cl1 2a As Recelved

48
24
48

SA53) Gr B C1 2 48
24
48

hrs at 1000°F
hrs at 1125°F
hrs at 1125°F

hrs at 1000°F
hre at 1125°F
hrs at 1125°F

Strength
ksi MPa
79.0 545
80.0 552
87.3 602
83.3 574
18.7 543
82.0 565
76.3 526

Ultimate
Strength
ksi WPa
97.5 672
99.0 683
103.9 716
100.3 692
99.0 683
100.7 694
95.5 658

Reduction

ir Area
x

—

59.4
58.8
57.6
59.6

© 72,6
71.2
72.2

Elongat ion

OGN
22.1
23.2
19.7
20.8

26.0
23.3
24.9
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TABLE A-3 - Charpy Impact and Drop Weight Properties of SAS
SAS33 Gr B C1 2 Pressure Vessel Steels

35 mil
50 ft-1b Lateral

Heat FATT Energy Temp. Exp. Temp.

Materlial Treatment °F T °F b - °F i
SAS508 C1 2a As Recelved 40 4 65 18 35 2
48 hrs at 1000°F 35 2 80 27 20 -1
24 hrs ¢~ 1125°F 95 35 125 52 55 13
48 hrs at 1125°F 15 24 90 32 60 16
SA533 Gr B C1 2 48 hrs at 1000°F L0 4 25 - 4 15 -9
24 hrs at 1125°F 25 - &4 b -15 -10 -23
-23 -40 -40

hrs at 1125°F

08 Cl1 2a and

NDT
Temperature .TNDT
°F . - °F "
-10 -23 5 -15
-10 -23 20 -1
40 4 65 18
0 -18 30 -1
-30 -34 -30 -34
-30 ~34 -30 ~34
=30 -34 -30 -34



Temperature, °C

0 50

100

110p-

100

Stress, ksi

90

30r-

y

<10 -100 -50

70

30

Reduction in Area, percent

10

I

F—

Closed Pts = Ultimate Strength
Jpen Pts = 0.2% Yield Streagth

R | -
Symbol Heat Treatment

v | As Received
(-]
o
a

48 hrs at 1000°F (538°C)
24 hrs at 1125°F (607 °C)
48 hrs a 1125°F (607°C)

\

=100 ~50
T

0 50 170~

70

]
SA508 C2 23

A

- 7.__‘25;3
o Symbol Heat Treatment

As Received

o004

48 hrs at 1000°F (538°C)
24 hrs a 1125°F (607°C)
48 hrs at 1125°F (607°C)

_m

Closed Pts = Reduction in Area
~ Open Pts = Elongation

L '

Elongation, percent

d i
-15 =100 =50

L
0 50 100

Temperature, °F

1
150

1
20

FIGURE A-1 =The influence of long-time post weid type heat treatments on the
tensile properties of SAS08 CL£2a pressure vessel steel
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Temperature, °C

- 100 =50 0 50 100
130 ) 1 | 1 !
SAS533 GrB C£2 Svmbol Heat Treatment
120 o | 48hrs a 1000°F (538°C)
a 24hrs at 1125°F (607°C)| — 800
B 48 hrs at 1125°F (607 °C)
110}
- ~700 &
Z 100+ s
“ a w
B —a B
A 90r A
- 600
sof = —g
Closed Pts = Ultimate Strength h_ j -
00 Open Pts = 0,2% Yleld Strength
80 i 1 L | L L 1 1
-5 =100 -3 0 50 100 150 200
- 100 -9
80— 2 : - 10 3
SA533 GrBCL2
mnor -70
g o 0
S Symbol Heat Treatment
s | 48hrs & 1000°F (538°C) ‘
g o |2ahrs 2 N15°F607°C) | %
< [ & |48hrsa 115°F (607°C)
= L
5 or Closed Pts = Reduction in Arca 40
% Open Pts = Elongation
= 30 <130
&" = m
1 ¥ & 1 1 ! ] 1
» -5 =10 =50 0 50 100 150 200 .

Temperature, °F

FIGURE -The influence of long-time post weld type heat treatments on the
tensile properties of SA533 GrB CA2 pressure vessel steel
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Energy Absorbed, J

e R O

1]

T

Temperaure, °C

properties of SAS08 C£ 2a pressure vessel steel

—m -
120 —% 20 P W0 B0 W@ B )
SAS08C22a —-— | rittie Fracture

.g_ —— | Energy Absori:cd |
Swot —- ===« | Laleral Expansion 1.0
H N

s \

Y As Received

B o} MR A Ne—ansanzr [ .08
& . '\ \ /-_':::::::--

T 48 hrs at 1000°F e

@ R & R

o .
& OF  ghrsa n25°F ™
2 4 hrs & 115°F

€ 48 hrs & 1125°F

gqﬂ. 48 hrs a 1000°F {.04
2

g m " - .m
[ve)
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- 200 - 100 0 100 200 300 a0 500
Temperaure, °F

FIGURE A-3 —The influence of long-time post weld type heat treatments on the Charpy Impact
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Energy Absorbed, )

Temperature, °C

L om0 0 W wow o x
SA533Gr B C£2
48 hrs at 115 °F
220~ 160 + 24hrs & 115°F 4.6
200
140 - 4.4
Mr-g
g 48 hrs & 1000°F
wot 5 120F b
3 ;
[+ 4 nrs & 115°F
0} =
g wr J—— 1.1
) _-—-.M
'z v ‘ﬂ—‘L s
120 - / 48 hrs & 1125°F
& W * \_ag hrs & 1000°F .08
100+ §° 24 hrs at 115°F
0+ 2 oor === | Brittle Fracture 4 .06
g‘» e | E1i@1Qy Absorbed
60 S == === Lateral Expansion
- 4.04
o
h ©
0l 48 hrs at 1000°F {e
204
Kﬂhrsallb'F
OL 0 L 1 \\ 2 { 1 I 1 0
- 200 - 100 0 100 200 300 400 500

Tem srature, °F

FIGURE A-4 —The influence of long-time post weld type heat treatments on the Charpy
impact properties of SA533 GrB CL2 pressure vessel steel
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Temperature, °C

~15 -50 -25 0 25
0 ! | T 1
Upper Shel’
-1 200
15t S S08C/. 2a 3 w
Symbol Heat Treatment ’ /
i 41
150 v As Recelved d, /
o 48 hrs at 1000 °F (538°C) g .
3 o | 24hrsat 1125 °F(607°C) et”
= a 48 hrs at 1125°F (607°C) a a // 415
-~ -~ 0
a 125
o
< w} £
F S¥ g {100
o
b a
2 B
3 475
a hrs at 1125°F
” b—
150
B 425
0 1 i i i 1 i 1 i 1 o
-100 -15 -50 -25 0 25 50 75 100

Tempe: ure, °F

FIGURE A-5 —The influence of long-time, post weld type heat treatments on the dynamic fracture bughness
of SAS08 C2 2a pressure vessel steel

Dynamic Fracture Toughness. MPy {m
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Crack Growth (fibrous before cleavage) , cm

0 5 10 A5 .20
2200 T | T
SA508 C22a 1100)
2000 -.35
(100
1800 |
-1.30
1600 [~
&
gl e =&
- 00 | 12 5
o (75)
1200 -
Symbol Heat Treatment 1.2
1000 v | As Received
o 48 hrs at 1000°F (538°C)
o 24hrs at 115°F (607°C) | | 1o
800 a 48 hrs at 1125°F (607 °C)
Brackets, ( ) = Test Temperature in
s I : : . ; i Degreels Fahrenlheit

0 .01 .02 .03 .04 .05 .06 07 .08
Crack Growth (fibrous before cleavage) , in

crcure A-6 —Modified J resistance curves for SA508C2 2a pressure vessel
steel
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Dynamic Fracture Toughness, ks Jin

T ""NDI' Temperature, °C

=125 - 100 ~15 =50 -, 0 25 50 5
T T T T 1 T 1 T T

230 - SAS08 C£ 2a

Symbol Heal Treatment

As Received Upper Shelf

48 hrs at 1000°F (538°C)
24 hrs at 1125°F (607 °C)
48 hrs at 1125°F (607 °C)

P00 <9

48 hrs at 1125°F

ASME Specified

Dynamic Fracture Toughness, MPa ym

Minimum Reference
Toughness ‘IR 50
Curve
0 1 1 1 1 1 1 \ 0
-200 -150 - 100 -50 0 50 100 150 200
T- '"uor Temperature, °F

FIGURE A-7 —Fracture toughness veisus l.- "NDI for SASO8C2 2a pressure vessel steel



Temperature, °C

Dynamic Frac'ure Toughness, MPa Jm

=100 ~T5 -50 ~25 0
2” 1 1 1} Ll | a 275
25 130
20 - SAS33Gr 8 CL2 o o 1%
/
Symbol | Heat Treatment A i
175 o 48 hrs at 1000 °F (538°C) / f
O | 24 hrsat 1125° (607°C) £ -3
£ a | 48 hrsat 1125% (607°C) j
= / 4 175
S
o 150 ~ ' J
g Y
g '/' / - 150
= Br ,/'\48 hrs at 1125°F
3
! I/ a 115
-~
.= 100 - ,/}{/ a
g 4100
=
nBr a
475
0 -~
<50
% 425
0 i L I I i L 1 i 1 0
-1% -1 =100 =15 =50 -2 0 % 50
Temperature, °F

FIGURE A-8 =The Influence of long-time post weid type heat treatments on the dynamic fracture bughness

of SA533Gr B C£ 2 pressure vessel steel
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Dynamic Fracture Toughness, ksl Jin

150

I-Mmr Temperature, °C
-125 -100 -75 -5 -25 0 25 50 75
! | L | | T 1 1 ]
-1 300
SA533GrBCL2
Symbo! Heat Treatment
o 48 hrs at 1000°F (538°C) 4250
o 24 hrs al 1125°F {607°C)
a 48 hrs at 1125°F ( 607°C) /48 hrs at 1000°F
1200
24 hrs at 1125°F 1150
— 100
ASME Specified
Minimum Reference
Toughness K o 1%
Curve
1 A | 1 L 1 1 o
=150 ~100 -5 0 5 100 150 200
I-l!t“m. Temperature, °F

FIGURE A-9 —Fracture bbughness versus ""NDI for SA533 Gr B C£ 2 pressure vesse! slee!

Dynamic Fracture Toughress. MPa\m
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FIGURE A-10-Comparison of tha dynamic fracture toughness of several heats of SA508 C£ 2a base anu
HAZ material
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FIGURE A-11 = Fracture loughness versus I-Rl“m for several heals of SAS08 C£ 2a base and HAZ material
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