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THIS DOCUMEtlT C0t4TAINS
POOR QUAL.lTY PAGES

Westinghouse Water Reactor Nm TeCWCH Division

Electric Corporatlan Divisions Bcx 355
P!ttsburgn Pennsytvania 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 fif ty (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 and 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.

Ve truly yours,

(A h k
T. M. Anderson, Manager
Nuclear Safety Department

CLG/IMA/ jaw

Enclosure

cc: L. L. Kintner, IL, lA
R. M. Gamble, IL, lA
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120.0 MAT"JtIALS ENGINEERING BRANCH

120.1 In the cover letter attached to Westinghouse Topical Report
WCAP-9292 (letter C. Eiche1dinger 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 steals 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) where the subject high
strength steels have been, or will be, used.

Response: 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
component.

For future plants, including those referencing RESAR documents,
SA 508 Class 2a and SA 533 Claes 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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TABLX 120.1-1
.

(Continued)

P R E S S U R 1 Z E R . (&nritun)
.

EA 508 Class 2a SA 533 GraJe A Class 2

Safety and Relief

Flant (Docket Number) Spray Messle Surge Mossle Nozzles Manway Shell Heada

X XNorth Anna Unit 1 (50-338)
X XNorth Anna Unit 2 (50-339)

Seabrook Unit 1 (50-443) X X X X X X

Seabrook Unit 2 (50-4A4) X X ". X X X

U X X
o Sequoyah Unit 1 (50-327)
e

I 1*Sequoyah Unit 2 (50-325)

X XShearon Harris Unit 1 (50-400)

Shearon Harrie Unit 2 (50-401) X X X X X X

Scuth Texas Unit 1 (50-498) X X X X X X

South Texas Unit 2 (50-499) X X X X X X

X XVirgit C. Suommer (50-395)

X X *

Trojan (50-344)

Alvin W. Vogtle Unit 1 (50-424) X X X X X X

Alvin W. Vogtle Unit 2 (50-425) X X X X X X

X XWatte Bar Unit 1 (50-390)
X XWatte Bar Unit 2 (50-391)

Wolf Creek (50-482) X X X X X X

X X
Zion Unit 2 (50-304)

_ - -
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1 120.2 (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., type and degree of working, heat treatment time and

'. temperature, welding process description, final product
dimensions). Confirm that the steels will be used in the4

above stated conditions in all applications. If there are
exceptions indicate what the. exceptions are and what operating:

! plants or plants under construction are affected. ;

f (b) Present the details of the. test specimen history for the
; subject steels. The history should include specimen origin

(asterial, form, size and metallurgical condition), location
and orientation of the specimens in the original product,

;
' degree of working, and 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
4

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

is considered to be representative.

Component Heat'

Part Treatment

Steam Generator Heated to 1590* i 10'F, held 18 hr. and*

Tubesheet water quenched; tempered 1190' i 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.

i
'

Heated to 1590' i 10*F, held 8.5 hr. and
water quenched; tempered 1250*F and held

13 hr.

120-5
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Steam Generator Heated to 1640*F, held 9 hr. and water

' Primary Nozzle quenched; tempered 1280*F and held 11 hr.<

Steam Generator Heated to 1560* i 25*F, held 7.5 hr. and
and Pressurizer water quenched; tempered 1250* i 25'F and

Manways held 7 hr.

.+

Heated to 1560* i 15'F, held 12 hr. and
water quenched; tempered 1180 + 15*# ""d

5*-
,

held 12 hr.

1
i

Pressurizar Heated to 1580* 1 10*F, held 2 hr. and,

Nozzles water quenched; tempered 1240' i 10*F and
.

held 3 hr.
;

'

4

l

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

complete range of thicknesses and degree of working (i.e., from
tubasheets (approximately 24 inches) to small nozzles (weld and

,

of approximately 1-1/2 inches)].
-

SA 533 Grade A Class 2

Typical as received metallurgical conditions for SA 533 Grade A
,

: Class 2 plates are presented in Table 3-2 of WCAP-9292. It
a
'

should be noted that the SA 533 Grade A Class 2 test specimens .

1

were taken from actual production material; therefore, the as !4

:

; received conditions given in Table 3-2 of WCAP-9292 are con- |

i

sidered to be representative,
;

During fabrication, SA 533 Grade A Class 2 plate material used

I' for shells is shaped by cold forming to the shell curvature

prior to welding.
3

,

a

120-6
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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 be representative.

Component Heat
Part Treatment

Steam Generator Heated to 1625*F/1675'F, held 1 br. per inch

Channal Head thickness (minimum) and water quenched;

tempered 1190*F and held 1 hr. per inch

thickness (mini - =).

.

4

All welding of thesa base materials is performed in accordance

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 generater
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.

i

l

I

120-7
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(b) The metallurgical conditions of the SA 508 Class 2a 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)],
SA 508 Class 2a test forgings were ebtained 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 layouts
for the SA 508 Class 2a base material and heat affected zone
(HAZ) material are shown in Figures 120.2-11 and 120.2-12,

respectively.

As stated in part (a), the SA 533 Grade A Class 2 test material
was obtained from actual production material. The four SA 533
Grade A Class 2 base plates measured approximately 3.7x114x285 *

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 weldsents 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 has further investigated the effect
of PWET 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 ll25*F
48 hours at 1125*F

120-8
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The results of this testing are presented in Appendix A; all

of the dynamic fracture toughness values exceed the ASME

specified minimum reference toughness g curve. The testing'

documented in WCAP-9292 and Appendix A considers (and exceeds)

the PWBT ranges anticipated during production.

i

e

s

|

.
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FI,GURE 120.2-1

Steam Generator Tubesheet -

: _ . . , . .

.

->MilCf A
s -gg- z

_ m.p- t--

7 - .no -n n y.,4.._

V.S
"

_ _
,_v..+.-- Y

., 1
'

/ .Am. \--

&...
"-A ,

>
.

-

g -- -
_

'
Z - - + i. _s ___

,
.

% /
o

["

..

A ,Moa As.aso m.1

g -

,

(~.-. .

IO t

| k =q'
"

F
-

.,.
,

-i--i.., -.
- .

.
......~.~. ,~.- . ~ m....

Y $.$. l?.s
.=. _

. 2'$55 .:"T'=" .

7 ,I$ 8

: . --

'C.,m.y . 'TMs-su. mons,.g
.

3 Ii I"i I f( . . te
-. .s a,r a n n. ---.

g a. -, .

'.i.#n. ~ ...'. -. ' ga
'

. gm 6522D98--
s.

- , .i yc- . , . . . .



* 8

i all i

i = f*I f ! $ ! i || @)bei
dje

111 !!i L;
'*bqi

: isi

!!!!f8!|g|i I;"o! ,[#a
a6q P-

Qk|EE i ij!i! ,s iu r
-

>

@@ !N!,||w||!!! - @ |ij P$L#-=
Whi .:;

..
@g g ,0.f l?GB) p

- - - '
r se . ..

! !.| ~-|-".!
I

iiw -. _

,% /L I
~

MS n ,
'

w\ / \ Inu=% * ,

|| *7
,

a3I h i z
1m *L g

t 1 7 ,V -

.

15uD 57a s i
N g- 18

*gm
8

~

%% '
s

8s ii i-
'

"3 ?t i

! !& *! -

,
. . 2 .

us
e~'"*~~'% %f

,/ f '
,

/ \ .~

*h \ + .i'

*. /

\/

I \ .!*
! :

- 8.-
$'I \ \ \

\ j %'
.

\ / ''
'~ \ / ~0\ /

K J/
%-._'

h##=ce. ,
(%.=

p.

""ta ?M=5 '.
f!

11$n -

|
II |'

r.:;iis-1 5

0
_

, ,.d '.E

120-11

t



_i ]|R
f;

'

FIGURE 120.2-3 |
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| Steam Generator Primary Nozzle '
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SA 508 Class 2a Base Material Test Specimen Layout
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120.3 Paragraph G-2110(b), Appendix G of Section III of the ASME
Code, states that if materials with a =4n4=n= 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 KIR 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 508
Class 2a or SA 533 Grade A Class 2 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 descastrated, by
appropriate data and analyses, that lower values of upper shelf
energy still provide adequate margin for deterioration from
irradiation. 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 region.

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

Response: 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.
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120.4 (a) In Section 4-A of the report it is stated that at low
temperatures (below the transition temperature) the material

,

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 criterion.

(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 technical justification

~

for using this criterion. Identify all of the test results
,

that did not meet this criterion.

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

f

j Response: (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

j yield strength as shown below

|

a, B > 2.5 (o1 )2 ,
--

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
number 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
; i.ess 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

3_
tension specimens.

|

4 .
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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 initiation criterion, which is included in Tab 3a
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.

Of particular interest are the parameters which divide the various
categories. These include: (a) the ratio of the maximum load
experienced by the test specimen (P ) to the five percent secant- g
offset load (P ) and (b) the cleavage initiation criterion,. q
defined by:

0.55 J
,

C-~

y,

where Aa is the average amount of stretching (blunting) and o7
(effective yield strength) is a stress midway between the
material's yield and ultimate stresses. The P #8" E ** **M Q
which K versus J relationship is appropriate, while the cleavage
initiation criterion determines whether the dynamic fracture |

toughness vnlues obtained via a specimen loaded-to-failure at f
high transition range or upper shelf temperatures is valid. For
ferritic steels, compliance with the cleavage initiation criterion
indicates cleavage initiation; if Aa is larger, the mode of j

fracture initiation is 11brous.

Many of these dynamic test parameters and acceptance criteria
were arrived at simultaneously by various investigators. For
example, Davidson, in the preliminary draf t of ASME E10.02 Task
Group G " Supplemental Test Methods for Reactor Vessel Surveillance,"
reconnended the identical elastic / elastic-plastic and cleavage /
fibrous initiation criteria as those employed in WCAP-9292. In

120-26
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addition, Server et al., in " Experimental and Statistical Require-
une RI m 372) andments for Developing a Well-Defined kR

Oldfield et ul., in Appendix C of FCC77-1, " Analysis of Radiation
Embrittleme.nt Reference Toughness Curves" utilized the identical
P /P ratis to establish whether a dynamic fracture toughnessg
test shou''.d be considered elastic or elastic-plastic. They

also rectamended cleavage and fibrous initiation criteria,
defind. below, which are similar to those utilized in WCAP-9292
except that they are related to the bulk specimen dimensions as
opposed to the actual crack extension experienced by the specimen.

50 J
M

a, b, B > Cleavage Initiation
g_

Y

25 Jg
a, b, B > Fibrous Initiation

g
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 b R "" ""*

,

i
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TABLE 120.4-1

DYNAMIC TEST PARAMETERS AND CHARACTERISTICS
.

r Dynamic Resistance u
Load-to-FailureTest Technique - - - - - - - - ----- Curv e -=

Lou Mid-Transition Upper-Tranattion Upper Shelf
Temperature

Fracture Behavior Elascic Eleatic-Plastic Elastic-Plastic Ductile Tear Fo!!oued Ductile Tear
by Cleavage Rupture

Crack initiation Cleavage Cleavage Cleavage Fibrous Fibrous

f(h) J=( ) J=( ) J=( 2)
J~( 2}

Formula fo= Calculating E

K or J sw 1+a 1+a 1+m 1+a=
q

-

p
N

K = (EJ)b K = (EJ)O
Relationship Between K = (- ) K=( ) K = (EJ)

K and J 1-v 1

Load-Displacement Record Linear Non-Linear Non-Linear Non-Linear Non-Linear

Fracture Occurs Fracture occurs Fracture Occurs Load-to-Failure Minimum Four

C e nts at Hasimum Load at Heminum Load at Nazimum Load Testa invalid Tests Required

P
> 1.10 > 1.10 > 1.10.

[P , 1.00<f<1.10< 1.00
'

4
4

, 0.55 J , 0.55 J , 0.55 3 , 0.55 J , 0.55 J
oo

3, o o - c g y
y

.
g

'I
.

0.M J
= 1.00 = 1.10 aa =r s'

'9 o
-

t

.

J

_ - _ _ - - - _ _ - - - _ _
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NOTES TO TABLE 120.4-1

area under load-load point displacement record in energyA .=

units

original crack size (includes machine notch plus fatiguea =

precrack)

stable, ductile (fibrous) crack extension adjacent toaa =

specimen precrack

specimen thicknessB =

initial uncracked ligament, b = w-ab =

Young's modulusE =

functionofhperASTME-399f(*) =

J - integral, elastic plastic fracture toughnessJ =

stress intensity factor, linear elastic fracture toughnessK =
,

conditional fracture toughnessK =
g

maximum loadP =
g

five percent offset load as defined in ASTM E-399P =
q

specimen width (depth)W =

(1 a2)
dimensionless coefficient value which corrects for the=

tensile strength

ultimate tensile strengtha =
g

"ys #
o = e ective yield strength, a ut=

Y- 7

o, 0.2% offset yield strength=

Poison's ratiov =

. 120-29
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-120.5 In order that we may verify the test results of'this report, -|

supply,the load versus displacement curves for 'ha following
tests:

Reference Test

Finure 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 1
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 one '

of these tests.:

Response: 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 cor: esponding to
Figure 6-1 of WCAP-9292 is not available.-

Table ~120.4-1 (in the Response to Question 120.4) includes
the 3rmula for calculation of K or J values.

s

I

'|
-|

_.
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$1 @ _ .3



__ _

.-

-Ibbl3 0N b d[

, 5319-5-l
"$

95*F
+ -.-

<:
3000* . 02 5_ '- ..

osv. p,y,

1 -15 - 7 6

Clip LOAD Ligg .

%A%G FGLL OUT h

+

..,'y- y
*
b t Xy

:39
;!pk -
. _ .I 4 % 53t9-5-p_Load-displacement records *

corresponding to '" ' '

q,g _g
Figure 5-1 of WCAP-9292.

[ ,g 9 .,

*

, ' ' ~' gooon ,n25~1
y * - -

: ,e ont piv
_: .;f.h

, a .-
Py CLtP 4AqE'-

j y' ,* j Ffloui FACE-

,

iER

yt ,
s it ;:e

Q r._
'

/r;
.

f
$ gj
2.orww:

' :;w.
_.

. g;a944 .. )q. ' . - -
. SM9 - 5 - 10 ,A

.

$5 ) ~ I:-[ RT kk
. - 4,

Q 9-23 -76 3-< . . . ,

Si
u

v n u ,:- t +
N j! Qj 3000 .025 'd

. LT.7x2 Dh/ Div.
.. :

c .4 . ,: p m

GA66y.. -

,,? $ Fearsi ibCG. b.
4

_ . . . _

FIGURE 120.5-1

Lo,d-Displacement Records

120-35

,-
.

.. nm- - -



I I ' A.
. :

.

{

|

| 7. , c s
;: :s n. , nn n n<

.

! ; Z-[ f !r- I ' [ t
b@U' Q), h!i Ljl. U' U G La

|
.

1
i .

*
,

) -

1

Y M -4109 -3 Load-displacement record
*

i ; ., -1 25 F corresponding to

j ll 4 '7 6 Figure 5-2 of WCAP-9292.| --j 4

Tf? t *

hyk's 3fo ,o25
r sad DsV D8V, ;,9 ,)i

4

*F GA46
FRour FACE

,,
, , , , ,, ,

, a

| !

1

4093 -2-6 <
g

1-26-76 p.
3009 -.: Load-displacement record

| De V *
- --u_

I

-

pys ,g corresponding toe ,; :I,\ ~ --Q" ,u , ;
'n

"

:1_ _ Figure 6-2 (Weld) of-=1- i-

/ I-f-k hj Q WCAP-9292.
c

-
. 2,

,

hj - f)piikgU a,y.h _

%- 'r s

1

?, y 1|: y )s ,025
'

,c -
-

-.. e ? :.

| jy* '

1

,

j FIGURE 120.5-1
)
| (Continued) '

'

)
|g 120-36 |

.
_ __ _ _ n ~ .



.

. .

J'\0 ? Ujs

gj O

y. . c
#...4113 -| - 12. + j 's ,-

--*
,

,

, .. , , .

1-27-76 - ' 4 '' . :." . ,c-t ..;
'

.-

.. .s' g ',| : f| .svg . .' s ?

30o0
'

|
~ | , ..

c'u -- , a,, .

g,y
-

,-

3J

.p, : 't"' : '''

.- .

- b'[A4 d b"W
'

,3,g.

* . t -' . / : $.^
,:. $

. a ' ;
'e ; 'q ' ' . ,: ,4 _;

% :. 015
_

,

:. -
~

-

e g- y , , ON.
_

:, -

..

. ,- %,. .= .,
.,

.? -1-. : Load-displacement records
.,

..# .c . . . . .

corresponding to

Figure 6-2 (HAZ) of

WCAP-9292.

. ... . - ,-
- - '

-g ,

4||3- j .$
'

[ -
g.4 -- .

" " ,. i'
,

- ...
.

J -28 - 96 - x '' A~ : '. :., .|
'

5 .
,

; ..b '- '' -a. +

3000 .'
s. . '.t

t
. .'
' -

"
..

-

|Y I, * - , ',r+ ,e .g
'

. nu

'' '

' ' ~,
..

,_ ak ,; ' -. .- -

- . . , .,

.

* *''
- - ; ; .-.-.('..,fg. ., .

M, ' ' ' ' . ' ,-3,
'

j, [Op
, , .; ' [ y

;q''.-: - , g _ _ ._
/

'

' '.s,. -

' ,g gi

't. :+,

~ '
- -

,. -

. D)V.

, . r-
..

. , . - , . *
-

...' .' '' : .) ~-

FIGUPE 120.5-1

(Continued)

120-37

._ _ --s. .. .-



. - .7
. . - _ _-- - - - -----__--_----- -

::-w ::is<

. . .

e
'

,
120.6-- . Paragraph _G-2110(b), Appendix G Section III of the ASME Code

: states'that the KIR curve may be used for steels having a-'

minimum specified yield strength greater'than 50 kai, but less-
than or. equal'to'90 ksi, if fracture mechanics data similar-
to the K p data of.WRCB-175 are obtained for this material: .I ~

and if all of the. data fall above the KIR curve. This topical-
report utilia n linear elastic KID tests at low temperatures

- -and.J-inter;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 theLupper transition.and upper shelf temperature regions,
'

SA 533: Grade A Class 2 steel has an adequate value of JID*

(and therefore, KID) and T (the tearing modulus). However,4

the same type tests conducted on SA 508 Class 2a steel were
.

*

at temperatures relatively low.in the transition region and
- consequently the data indicate that this material has com-
paratively low values of JID 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 JID test results (from actual
i testing |or from the literature) at a test temperature

of at least T-RTNDT = 150*F; or

4- (2) an Appendix G type analysis that demonstrates the
adequacy of the ==w4== experimental KID values obtainedi

_in this. investigation-for the material as used in actual
,

components at normal full power operatins conditions.
!

Response: Concern has been expressed due to the fact that the maximum
transition twoperature dynamic fracture toughness values (load-

, .
to-failure test technique) obtained on the SA 508 Class 2a

i base materials -equaled approximately 150 kai /in(166 MPa[m" ),
compared with a mari== value of 200 kai Iin(221 MPa/5 ) for'

the ASME specified minimum reference toughness KIR curve.
;

'.In addition,. upper shelf dynamic fracture'coughness values
(dynamic' resistance curve test technique) also averaged approx-

.

|imately 150 kei| /iii(166 MPa6) (see Figure 5-1 of WCAP-9292).

,,1- -120-38-
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The:following paragraphs address these transition temperature-
'and upper shelf dynamic fracture toughness valuss 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 kai. v' in (221 MPa G) . . 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 > 0.55J); however,.this data indicates that stable ~I

'Y
crack extension can be sustained to effective dynamic fracture

toughness values in excess of 200 kai ( in (221 MPa G ).

Consider first the-upper shelf dynamic fracture toughness
values.- Basically, these fracture toughness values were calcu-
laced utilizing J-int'egral techniques as opposed to linear |

elastic (K). techniques. The major difference between linear
elastic (K) and elastic plastic (J) fracture toughness values is l

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 formation).

|

Lopdon has compared the upper. shelf fracture toughness values
dev-loped via K and J test techniques for several materials.(1''''$
Of 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 kai Iin'(166 MPa[m")
while the linear elastic fracture toughness values are slightly

in' excess of-200 kai Fin-(221-MPa 6 ). 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 curvs 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 aeven inch thick

-120-39
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: compact tension specimen) yields a J value of 1500.1"!

-(0.263 MJ).s The corresponding equivalent fracture toughness
- I' 1D
j

value' equals approximate!1y 220 ksi- /E (224 MPa6) and is |+

plotted in Figure _120.6-1. This equivalent fracture toughness
b value exceeds the linear elastic fracture toughness values

because a portion of the allowable effective crack growth in

the linear elastic b C test is used up as platicity (crack'

blunting), the ramminder. going into actual crack extension.
' l

l
i

.
.If we. estimate the dynamic yield strength of the SA 508 Class

:

; 2a steel to fall between 110 and 120 kai" (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 K curve were developed on eight inch
IR

thick compact tension specimana -tested by Shabbits, and as such a
mari== crack extension of 0.160 in. in these spe.cimens van *

'possible.(3) Standard resistance curves for the SA 508 Class 2a*

; . materials at 150*C (66*C) are included in Figure 5-4'of WCAP-9292.
Stable crack growth has been demonstrated on both heats of SA 508

s

Class 2a material to approximately 0.040 in. (0.102 cm) of crack'

extension. Therefore, we can use the marien= J values observed
5

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

extension to effective dynamic fracture toughness values in
; excess of 200 kai Vin (221 MPa/m ) 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 the ability of'a material to absorb energy upon
'

' additional-crack' extension. Materials which have a tearing modulus

;c

,

?

-

.120-40L
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over'100 (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 J and limit load are reached. Additionally, a typical rotor
IC

steel would have a tearing modulus near 30. Therefore, the |

2 SA 508 Class 2a steel demonstrates an average to above average

* ability.to absorb energy upon additional crack extension. ; i

Further evidence that SA 508 Class 2a.has an effective dynamic frac-

ture toughness in exc'ess of 200 kai. du (221 MPa6) can be noted by

observing the modified resistance curves illustrated in Figure 5-54

o
! of WCAP-9292. These modified resistance curves were obtained from

specimens which were dynamically loaded directly to failuro and

where the degree of stable, ductile crack extension was fortunately*

marked by a change in fracture mode. Table 120.6-2 sumarizes'

the various test parameters for each of the individual specimens i

l
which make up the'se modified resistance curves. Dynamic fracture -

,

1

toughnesis values obtained from these' specimens were not included 1

in Figure 5-1 of WCAP-9292 because they failed to mest the ~
cleavage initiation criterion, defined by:

dAs < 0.55
- #

Y;
!

where Aa is the average amount of stretching (blunting) and a
7

(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 as is larger,~the mode of fracture initiation is fibrous.

-Neverthaltas, it 's obvious that dynamic fracture toughness valuesi[

as.high as 264.2 kai /in (292.5 MPa 6 ) at corresponding crack
-

extensions of 0.12C7 in. (0.322 cm) have been observed.
.

.

.

f. - =

i
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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 pr1 mary controlling dimension
of interest, 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 kai /in.(221 MPa/m ) have been demonstrated for
SA 508 Class 2a steel at 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 SA508 Class 2a'Hodified Resistance Curves ,

.

Temperature . Crack
'

. Temperature T-RTT NIYr Extension in-lb W 'K(J)
Spedmen

Number 'F 'C *F C in cm in a ksi/Iii MPa f*

~5387-3-1- "75 14 20 -7 .0317 .081 1201.1 .210 189.8- 210.1

5387-3-5 100 38 45 7 .0146 .037 916.2 .160. 165.8 183.5.
U .

.

T 5387-3-6 125 52 70 - 21 .0367 .093 1417.5 .248 206.2 228.3

$
5337-3-9 150 66 95 35 .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 .0117 .030 831.9 .146 158.0 174.9

5389-5-6 125 52 55 -13 .0417 .106 1191.7 .209 189.1 209.3

5389-5-9 150 66 80 27 .1267 .322 2326.9 .407 2 64 .2 292.5

~4

.
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APPENDIX A

t? The Influence of Long Time Post-Wald Type

Stress Relief Heat Treatannes on the

Dynamic Fracture Toughaess of

SA508 Class 2a and SA533 Grade B Class 2 Steels
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INTR 0bUCTION

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
Ms further investigated the effect of PWBT 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 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 KIR curve.
.

o

IRESULTS

Tensile

The influence of long time post-weld type strese relief heat treatments j

on the tensile proponies 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-1, are illustrated in Figures A-1 and
A-2, respectively. Each data point represents the average of two tensil.e
tests. The ASTM room temperature tensile requirements for SA 508 Clas4 2a

are a minimum yield strength of 65 kai (450 MPa), a range in ultimate
strength' of 90 to ib ..t t -(620 to 795 MPa), and minimum total elongation

.

.

A-1
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and' area reductions of 16 and 35 percent, respec*1vely. The minimum . 1

specified room' temperature yield strength for SA 533 Grade'B-Class 2
steel equals 70 kai (485 MPa), while all.other tensile requirements 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).
1

' The yield and ultimate strengths of as received and stress relieved
(48 hours at 1000*F, 538'C) SA 508 Class 2a steel were basically identical

1

-while the higher temperature (1125'F, 607'C) stress relief heat treatments- ,

resulted in an 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.

;

2

(670*C) stress relief produced the highest yield and ultimate strengths
for both materials. The ductility (reduction in area and percent alonga-
tion) of both materials was essentially independent of stress rehei heat

;

treatment.

t .

o

Charpy Impact

Charpy V-notch impact properties of the SA 508 Class 2a and SA 533 Grade B
7 Class 2 steals are illustrated in Figures A-3-and A-4, respectively, and

susuarized along with the drop weight nil-ductility transition (NDT)
i'
' temperatures and corresponding reference temperatures-(RTNDT) in Table A-3.
j, -The method for. establishing a reference temperature is outlined.in detail

in Section III Divia,*M 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-RT f#
NDT

comparison with the ASME specified minimum reference toughness k R ""****<

| 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.

s.

k~

A-2
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.The higher, temperature.(1125'F, 607*C) stress relief heat creatments
pr.auced the. highest: a) fracture appeara:.cc transition temperatures
' (FATT), b) 50 ft-lb energy absorption temperatures, c) 35 mil-lateral
- expapir.on temperatures, d)' drop weight NDT temperatures and e) corresponding

rexerence temperatures relative to SA 508 Class 2a steel. Thus, the
. higher temperature ~ stress relief heat treatments have a moderately detri-
mental influence on the Charpy 1.apact and drop weight NDT properties

of SA 508. Class 2a steel.-

No obvious trend between-the stress relief heat treatments and Charpy

impact values is apparent relative to the SA 533 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) produced the lowest level ot upper
shelf energy absorption and smallest lateral expansion. In addition, the
various stress relief heat. treatments had no influence on the drop weight

NDT temperaturen; of SA 533 Grade B Class 2 steel and, since for this
~

i

1

material the reference.temperaturas were controlled by the drop weight
~

NDT temperatures, the reference temperatures were also unaffected by the

stress relief heat treatments.

.. i
'

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)

241 hours at 1125'r (607*C).
48 hours at 1125'F (607'C)

'A-3
.

.o,
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; Figure A-5' illustrates the dynamic fracture toughness properties of
SA 503. Class 2a steel plotte'd 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 dynamic fracture
toughness compared with'the at 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 hipest
temperature stress relief resulted in moderately inferio*: properties
compared with the'as received and 48 hours at 1000*F (538'C) properties. .

i

This same trend is observed when the data is plotted versus T-RT f# j
NDT

~

comparison with the ASME specified minimum reference toughness K curve Jg

; (see Figure A-7). 'Although these long time post veld type stresa relief
heat treatments definitely degrade the dynamic fracture toughness of4

1

SA 508 Class 2a steel, the point that must be emphasized is that all the j

dynamic fracture toughness. values easily exceeded the ASME specified

; minimum reference toughness b R cune.
.

!
i

| Interestingly, the dynamic fracture toughness of SA 508 Class 2a steel
was improved relative'to the as received condition upon stress relieving j

for 48 hours at 1000*F (538'C). Further work to ==ine whether additional =

1

lower temperature post weld heat treatment temperatures (in particular
950*F, 510*C) can land 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-RT in Figures A-8 and A-9 ,

NDT

respectively. The lowest dynamic fracture toughness again results from
the 48 hours at 1125*F (607'C) stress-relief heat treatment. As was the

,

case for the SA 508 Class 2a. steel, however, all.the dynamic fracture

toughness. values fall substantially above the ASME specified minimum'

reference toughness KIR """**

-A-4
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A comparison of the dynamic fracture toughness properties of three heats
,

of SA 508 Class 2a base and HAZ material are plotted versus absolute
in Figures A-10 and A-11, respectively.temperature and versus T-RTg

Note that of the_three as-received base materials, To-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 ameple T0-5389) were stress i

b relieved for 48 hours at 1125'F (607'C), would its dynamic fracture tough-
ness values fall above the ASME specified mini = = reference toughness*

K curve? If an identical degradation or. shift in temperature at a
IR,

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 T0-5389 would still fall comfortably above the "M

.

specified minimum reference toughness k R jcurve. .

Clearly, the SA 508 Class 2a heat affected zone (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.i-

.'
As was the case for the SA 508 Class 2a base materials, subjecting the -

corresponding HAZ a terials to post weld stress relief heat treatments
n

approaching 48 hours will undoubtedly reduce their dynamic fracture
toughness. Because of the superior, initial dynamic fracture toughness

i

properties characteristics of these SA 508 Class 2a HAZ materials (already
stress relieved for 3/3.5 hours at 1125'F, 607'C), this anticipated degrada-

|, tion in dynamic fracture toughness,which accompanies long time post-weld
; stress relief heat treatments should not result in dynamic fracture'

toughnesscvalues for:these HAZ materials which fall below or, for that'

|

matter, even approach'the ASME specified minimum reference toughness Kg

curve.

,

I
r

,

A-5

,-
.

r * -y--,, y &-4e-'c-t y .r vta w , w- y 1'- ~ a mv +cv+e-- 49et*#,'- m -t ,r-9,3e- p-- gv-+e' +-=re''-w- 'c



.. . . _. ,

r

-r ..

.

P

!

' 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

ll25'F (607'C) per the ASME code requirements. . Therefore.-the dynamic4

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 ininimum reference toughness g curve.
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TAI!LE A-1 - Chemical Compositions and Heat Treatments of SA508 C1 2a and SA533 Cr B C12 Pressure Vessel Stee.ls '
..

.

Chemical Compositions. Wt. Percent

Material- Identification C lin P S Si Ni Cr Ho V Cu AI'

SA508 C1 2a- T0-5387 Ladle - .20 .75 .008 .010 .28 .;5 .38 .61' .012 -- --

Check .23 .66 010 .022 .26 .85 .35 .59 <.03 -- --

T0-5388' Ladle .21 .63 .006 .012 .25 .73 .34 .62 .03 -- --

Check .19 .77 .010 .009 .28 .83 .39 .60 <.03, -. --

T0-5389 Ladle .22 .70 .008 .006 .28 .78 .36 .65 .035 -- --

Check .22 .66 .011 .CD7 .28 .82 .35 .60 4.03^ -. :--

ASTM .27 .50-1.00 .012* .025 .15 .40 . 50-1.~ 00 .25 .45 .55-.70 .05 .10* --

Max' Max
Requirements Max Max Max

yy

SA533 Cr B C1 2 A4943-3 Ladle .20 1.38 .013 .005 .25 .65 .18 .57 - .19 .043L
.45 .60 .05* .10* --

ASTM .25 1.15-1.50 .012* .015* .15 .40 .43 .70 --

_ Max Max
Requirements Max Max Max

eOptional Restrictive Chemistry

Heat TreatmentHaterfal

SA508 C1 2a Austenitize 1580*F (860*C), hold 4 hre , Water Quench

1230*F (666*C), hold 6 hrs Furnace CoolTemper

SA513 Cr B C1 2 Austenitize 1650*F (899"C), hold 4 hrs , Water Quench

1260*F (682*C) . hold 4 hrs Furnace CoolTemper

,

%

+
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TABLE A-2 - Room Tesaperature Tensile Properties of SA508 C12a and
1

SA533 Cr. B C1 2 ' Pressure Vessel Steels

,

Yield Ultimate Reduction
lleat Strength

'

Strenath- in Area Elo'ngat ion

Material Treatment kai MPa kai- MFa Z I

SA508 C1 2a As Received 79.0 '54 5 97.5 67 2 59.4 22.1-

48 hrs.at 1000*F 80.0 552 99.0 683 58.8 23.2

24 hrs at 1125*F 87.3- 602 103.9 716 57.6 19.7

48 hrs at 1125*F 83.3 - 574 100.3 692 59.6 20.8

.SA533 Cr B C1 2 48 hrs at 1000*F 78.7 54 3 99.0 683 72.6 26.0 6

24 hrs at 1125*F 82.0 565 100.7 694 71.2 23.3

^S 48 hra at 1125"F 76.3 526 95.5 658. 72.2 24.9p
f '

e

B

_

_ _ _ _ _ _ _ _ _ _ _ _ -- _ . - _ - _ _ _ _ _ -
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TABLE A-3 - Charpy Impact and Drop Weight Properties of SA508 C1 2a and
SA533 Cr B C1 2 Pressure Vessel Steels

,

35 mil
50 ft-lb Lateral NDT

. Heat. FATT- EneraY Tamp. Exp. T m p. Tamperature NDT.

Material Treatment "F *C *F *C '*F *C *F *C 'F *C'

SA508 C1 2a As Received 40 4 65 18 35 2 -10 -23 5 -15

48 hrs at 1000*F 35 2 80 27 20 -7 -10 -23 20 -7

24 hrs ca 1125'F 95 35 125 52 55 13 40. 4 65 18

48 hrs at 1125'F 75 24 90 32 60 16 0 -18 30 -1

SA533 Cr B C1 2 48 hrs at 1000*F 40 4 25 -4 15 ' -9 -30 -34 -30 -34

[- 24 hrs at 1125'F 25 -4 5 -15 -10 -23 -30 -34 -30 -34

48 hrs at 1125'F 35 2 -10 -23 -40 -40 -30 -34 -30 -34 .

1

=

.

~~_.;.;.....__. - - . _ .- . . - - - - . _- - - - - . . . - - - _ _ - - - - . _ _ _ _ - _ _ - _ _ . _ . - - _ - - - - _ . . - - .-
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Temperdure, *C J
- 100 - 50 0 50 100

130 i . . . i

SA508 C12a Symbol Heat Treatment
v As Received
o 48 hrs d 1000*F (538*C)120 -

a 24 hrs # 1125'F (607*C) 800-

a 48 hrs d 1125'F (607*C)
110 -

2-

8700 ,-

= 100 ~N
-

-

,

5 5
*

90 -

600-
-

=a
4

80 -

Closed Pts = Ultimate Strength
Open Pts = 0.2% Yield Stre.1gth 500

-

70 -

i, , , , , , , ,

- 150 - 100 - 50 0 50 100' 150 200

- 100 - 50 0 50 100
7070 , , , , ,

5A508 C8 2a

- - 6060

3 50 Symbol Heat Treatment 50--

8 9 As Received
E o 48 hrs at 1000*F (538'C) 5

o 24 hrs at Il25*F (607'C) 40{g 40 --

E a 48 hrs at 1125 *F(607*C) -

.s 8
- - 30 Wg 30

E E
5

i
20ac 20 -+-

Closed Pts = Reduction in Area
Open Pts = Elongation 1010 --

' ' ' ' ' ' ' '
0- 0

- 150 - 100 - 50 0 50 100 150 200

Temperature, * F

FIGURE A-1 -The influence of long-time post Weld type heat treatments on the
tensile properties of SA508 C12a pressure vessel steel
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Temperature, *C |

- 100 - 50 0 50 100
g

i i i i

SA533 Gr8 C12 Svmbol Heat Treatment

o 48 hrs A 1000*F(538'C)120 -

a 24 hrs 21125'F 8607* C) 800-

a 48 hrs d 1125'F (607 *C)
110 -

IE h
-

'

3 100 -

J;
!E

e
MM 90 -

600- -

i ?M' -

Closed Pts = Ultimde Strength
500-

Open Pts = 0.2% Yleid Strength
. 70 -

I

1 I 1 1 I I I 1

g
- 150 - 100 - 50 0 50 100 150 200 ,

.

- 100 - 50 0 50 100 |
. '

M ,M i e i i i

|SA533 Gr8C12
|

70 |
-

70 -

|
!

602 60 -

8 Symbol Hed Treatment I
-

T |

t
a- o 48 hrs d 1000* F (538'C) 3 i

50 g )o 24 hrs d 1125'F (607'C)50
-- -g

E a 48 hrs d 1125'F (607'C) g
2

.h!

5 40 Closed Pts = Reduction in Arca 40 }-' -

E Open Pts = Elongation a
~

$g -
- m=

x,

--g, - 7 ,

~
m

. & -
-

' ' ' ' ' ' ' '
1010

- 150 - 100 - 50 0 50 100 150 200

Temperature, 'F

FIGURE l. .-The influence of long-time post Weld type heat treatments on the
tensile properties of SA533 Gr8 C12 pressure vessel steel
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Temperdure, *C

- 100 - 50 0 50 100 150 200 250
160 - 120 12 - 3.0, , , , , e i

5A508 C12a
- 3rittle Fradure

*

140 - 3 Energy Absorbed
Laterd Expansion - .10 - 15g100

- -g -----

'\s120
- I

As Received >
- A 5 R8C'Wj80 - g 24 hrs d ll25'F /, - 08 - 2.0 E

-

y E E}"M - 2 . .

-C-~~ L- ~~2 222: I I
f E 48 hrs at 1000*F =

i i i,1 ,' ',_ .i-------- w
-

-

"
a #j- 1.5 $@ 80 , g. M -

48 hrs d ll25'F ] y' %.

>
$8 ' 24 hrs d ll25'F w$ E .

" I -48 hrs d ll25'F t tE 60 - f
_

,

3"
40 - 48 hrs d 1000*F g -

1.0
s/,
1

-

m - # ,

g 20 - g#|/ \s' ly '

.02 - .5-

s'% - "
, ,

, /' '

0- 0 I ra ' I I I O 0
- 200 - 100 0 100 200 300 400 500

Temperdure, *F

FIGURE A-3 -The influence of long-time post weld type heat treatments on the Charpy impact
properties of SA508 CA 2a pressure vessel steel
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Temperdure, 'C |

- 100 - 50 0 50 100 150 200 250 i

18 - 4.5 ;

180 . . i i i i . .
2M _

SA533 Gr B C12
48 hrs d 115'F

24 hrs d 113*F220 .M 4.0
-

MO
-

-
-

200 -

I4~

3.5
~

- -

3. 48 hrs d 1000*F

.12120
-

3.0- -

160
-

s !e 24 hrs d ll3*F c
-'

140 -2
-

10[- 2.5 fI h
~

, -- -- =:.: -

_ _

$ is sK m ,- . g g, '

j 120 - lii '// \-48 hrs d lis*F 8 8
f

08]- 2.0 $#
-

E
~

/ 48 hrs d 1000*F
* .

24 hrs d ll3*F 3 33 100
-

7
$

Brittle Fracture 06
- 1.580 - y 60

,-- - --
.

L Energy Absortedg /,
,

t.ateral Expansion-----
60 -5 '

.04 1.040
- --

/ *#
/40 - f

'
/ 1 48 hrs d 1000*F

- .02 .5' -

20 /-

/20 -

48 hrs d ll5 'F'
,

' ' \ O 0' ' ' '0- 0
- 200 - 100 0 100 200 300 400 500

Temprdure, *F

FIGURE A-4 -The influence of long-time post weld type heat treatments on the Charpy
impact properties of SA533 Gr8 Cl2 pr6ssure vessel steel
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