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INTRODUCT ION

Cast stainiess steel is one of the prime materiais used for primary

v v

piping. These cist materials can contain ferrite levels greater than I35

can
percent. to produce imprcved yield and tensile properties.

v

been known to be susceptible Lo thermal aging at temperatures

o, . g -
800°F (427°C), and there is now evidence that thermal aging can occur

temperatures as low as|

Recent experimental work has been conducted to
thermal service on the properties of Type 316 cast
N g -

2
Layld

piping. Results of these studies show that the

steel are not strongly affected; the ultimate tensi]

slightly and the yield strength is essentiall)

slightly reduced, as measured by the elongatiocn and reduction
tensile tests. The Charpy impact energy and the J,

are measurab.y degraded, however, and this informati

the effect of the aging process on

In this report, experimental data obtained on savera
are discussed, and two methodologies for assessing
camponents |

described. Justification is provided for the us
thermally aged piping through 3 series

material. A detailed discussion

1nduced Dy the aging process

and a model for predicting the

temperature is reviewed and vali

|ife properties

the mode]

Tntanrt "
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TO Tracture tou

een investigated in recent years [2,3,4]

Works are reviewed and summari zed. Recently

fracture toughness results are also p

-

presented. These results are summarized bel ow.

mechanisms in the paper are not summarized but

Section 3.

TEST PROGRAM

ng material
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charpy V-notch (Cv) impact and tensile
conditions and after aging at &00°F

and fatigue crack growth tests were performed
aged condition.

2.2.2 MATERIAL

The materials used for the program were two heats of centrifugally cas
stainless steel pipe, ASTM A351 Grade CF&M. The dimensions of the as-
pipe were approximately 37 inches (.94 m) 0D and 31 inches (.79 m) 1D

three-inch (.08 m) nominal wall. The chemical analyses and the as-recei

nal
properties of the test materials are shown in Table 2.2-1 and Tanle 2.
Charpy V-nctch specimens were taken in the axial (along
pipe) and circumferential directions as shown in Figure
the notch in the Charpy specimens was oriented perpendicular
toe pipe. The Charpy V-notch specimens were taken with the axis ot
specimen being at 1/4 thickness (T) location from the [D and QD of the pipe
and at the center of the pipe, respectively. The tensile specimens were
parallel to the length of the pipe at 1/4T and 3/4T locations (Fig
The campact tension specimens for the fatigue crack

fracture toughness tests (J were * with the

C
i

perpendicular to the pipe th

cKness

the length of the pipe, as shown in

¢.2.3 MECHANICAL PROPERTIES

The aging process produced differ
properties measured. The tensile
except for a moderate increase in

X §dope R Ed4rane Sarbe
¢Ys NO SIgRiITiCcant errects

he 1argest effect
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he tensile results show slight hardening as avidenced dy the

tensile strength and decreases in the total elongation an
shown in Figure 2.2-2 and Table 2.2-3. [t should be noted

Vel

strength showed essentially no change.
CHARPY V-IMPACT TESTS

The Charpy V-impact test resuits show a significant decrease from the una
condition to the aged condition, 3000 hours at 00°F (427°C)
Table 2.2-4). Although the aLsorbed energy for the specimens

higher for the axial specimens campared to the circumferentiall
specimens in the unaged condition, these differences were nut

hours aging. The largest rate of properties change occurred
10C hours of aging.

2.2.6 J-INTEGRAL TESTS

Characterization of the fracture oroperties of the

accamplished by determination of J,_  at both room

»‘)A‘

316 C) according to the present recammended pra
600°F (316°C) temperature, tests were performed
material of the same heat (Cl1488), whil
material was tested. These results
earlier series of tests on another he
Jnaged condition which were reported

employed “"static

1oading rates.

both the aged and unaged material
Jnly material aged fo
tected. The

samewhat different than those reported orevi

practice ror 4 d4ata 1nterpretation has
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data were ~einterpreted to be consistent with the newly obtained properti
The value of J, for each canbination of material and condition was

determined Dy using the mu

-

- 1
i |

tiple specimen technique ncow recamiended
ASTM“<, where the subcritical crack extension was measured

tinting. The data are in Figures 2.2-4 and 2.2-5
temperature and 600°F ( o tively. The ASTM procedure pr
data points which are too close to the blunting line or those wnic
very large crack extensions. Several of the specimens tested fel
categeries, and so were not used in determining J:C. These points
included for reference only in Figures 2.2-4 and 2.2-5. In all cases,
one, data for a single material and test temperature, have been used
Jtc' In one case, however, data from two heats in the unaged condition
obtained at 600°F (316°C) and these data were cambined in determining
for this condition. The ellipses in Figure 2.2-5 encompass val

fram the two heats, respectively, and emphasize the judgmental

V]

R-curve drawn.

+here was a clear effect of the aging process on the J._

cbtained at both room *emperature and G00°F (316

at roam temperature decr=ased from 2760 in-1b/in

. a - :
in. 1b./in* (0.352 MJ/m“), while the toughness at

-~

sanewhat more, from 2868 in. 1b./in" (0.502 MJ/m"
(0.230 Md,mzz. As may be seen in Figures 2.2-4 and
curve changed with the aging process. Another measu
resistance of the material can be obtained from the
curve, dJ/da which describes the rate

subcritical crack growth occurs. The

aging process caused the

slope. The slope of the J

noted by the ellipses in Fi

is noted if the 1ines are examined.

lata suggest a more

framn heat 1488 are examined.

recent tests, to be discussed

QLo - U
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2.2.7 FATIGUE CRACK
Fatigue crack growth rate tests were performe

specimens 2 inches (5.08 ¢m) in thicknes<,

reactor (PWR) environments. In both environmen the

cen’ec 19 ? * : 3 : 5
550 F (288 C), and the specimens were side-grooved for apbout fi

the thickness. Tests were conducted only on material aged for 3

800 F (427 C), and results were campared ~ith data tes%s of the

(L - | -

-

(C2375) in PWR environment [7]. The results are summarized in
and 2.2-7.

Results of the PWR fatigue crack growth rate tests
2.2-6 and show that there is little, if any, effect
results as a result of either the PWR environment or

-~

crack growth rate tests at low R ratio. e data for
condition. Data were obtainad on aged specimens under sinusoi
test frequencies ranging from one to twenty cycles per minute
observable effect of requency.

Samewhat unexpected results were obtained on the ageaq

R ratio, where the crack growth behavior showed large
beginning of the test, in each of the two specimens tested.
SW-34, showed unusually high growth rates before undergoi
which Drought the rate down to the other data at the same R
the unusual benavior of the aged specimens, comparisons with
results are difficult, but generally i y ' ' Figure
and unaged material ;howed equivalent behavior. 7 affects
crack growth rates for this

)f the Walker model

crack growth rate d

., defined as
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‘max

an empirical constant dependent on material and envircnment

The fatigue crack growth law then becames:

where, C and n are determined from test data.

The Walker model has the advantage of reducing to the conventio

of crack growth as a function of 1K when the R rati
interpreting the data in terms of the Walker model

2.2-7.
2.2.8 CONCLUSIC

The major conclusions reached in summarizing this paper are:

Although significant reductions

-

changes in J,_ were not nearly
(™

The crack growth characteristt
camparable.

-

PAPER BY BAMFORD, LANDERMAN AND

follow-up of the one

experiments were conducted
temperature service|
steel., The material

juplex structure consi




The tensile properties obtained are

I

noted, an increase in ultimate strength wa

strength was almost unchanged. There wa

-
-
B 4

elongation with aging with a greater decre

Charpy V-notch
for temperature

occurred in

thereafter,.

The shelf energy was still near

100
the 2000 hours of aging. An increase

~

200°F is noted.

for the materia!l

of aging was di

or thrust of this paper
Perhaps the most signifi
is the rather dramatic in

noted in Figure 2.3-2.




toughness are exami
set forth for eval

-

er.
and Cast pipe were

Only a sligh
harpy U-notch impact energy
. $ i 4
ft-1bs) to near 4 daJ/cm® (24 f+-
ly sensitive to aging with
heats of

‘o

)

res 2.4-4 and
rties for one of t.e most
strength and elongation are noted while
ase significantly and t! juction of area
Figure 2.4-6 th
fram 20 1aQ/cm2
2.4-7, the energy is near

Room temperature fracture

in Figure 2.4-8 campared wi

2
&

kd/m- (750 to 850 in-1b/in

nowever,

Roam temperature fracture t
e given in Figure 2.4-

4 ~ =

9/1 in-1b/1

. - e
"‘LLV:‘KA




A8 A sed to
-« Was ai50 Jusedq

crack growth. These res

- i
significant effect of

work of Landerman and

.-

[t should be noted that Heat . was found
naving exhibited a Charpy U-notch energy

1

' b |
-¢l Tt-IDS) at room temperature

-~
0

for 7500 hrs. Based on the model

aged condition reported in [4

- -

AR CTAM
«-JN[.;. Jo LUN

Even though the Charpy U-notch energy is si

-

aging of the most highly sensitive material

Crack extension remains reasonably high.

‘9

Thermal aging does not ir

CONFIRMATORY WESTINGHOUSE RE

e @ Ve

T &

has been postulated

- 9

thermally aged at 7SC F for

terms of Charpy U-notch impact energy
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Iterature cited is cons
energy (V-notch and U-notch)

thermal aging process and p

-

-y .
|

he literature is consistent

Oy thermal aging (showing a s ‘ ase) whil

may increase significantly; t! ‘ on in area

v

decreased.
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CHEMICAL ANALYSIS
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Al loy

Centrifugally cast

type 316 A-351
CHBM
Heat CZ2175

tentettugally cast

‘,‘n‘ ’If A 1lr|
CHHM

Heat Clasl

Condi Ltion

Annealed at
2050°F (1121°C)
for 4 hours
Hater quenched

Aunealed at
2050°F (1121°C)
for 4 hours
Waler quenched

IABLE 2.2-2

Tenperature
i "

RI
143

RI
143

HEAT TREATMENT AND TENSILE PROPERTIES OF A351 CF8M at

650°F (343°C)

0.2% Yield
Strength

KSI Mn/m

46.0 3l17.4

22.9 157.9

8.3 264.3

26.8 184.8

Tensile
Strength
Kl Mo /m

5.4 520.3
64.5 444.7

83.2 574.1
69.5 §479.2

Elongation
L.

41.0

40.5
44.0

Reduction
in Avea
i

$5.5

10,7
57.0

CSYTY A¥V13T¥dNud ISNOHONILS I



JABLE 2.2-3  EFFECT OF AGING AT BOO°F (427°C) ON TENSILE PROPERTIES OF TYPE 316
A35) CEBM CENTRIFUGALLY CAST STAINLESS STEEL MEAT Cl488

Aging 0.2% Tensile Total Uniform
Tiie Yield Strength Elongation Elongation RA
Wrs. Strength 4 i 4
M /w? Mn/m?
fest Temperature Ksl _Pa ksl Pa
6007 F( 316°C)
25.8 171.9 68.7 473.7 45.0 37.5 59.7
J 26.2 180.6 67.1) 462.6 2.9 5.5 66.9
100 6.2 180.6 713.9 509.5 5.9 30.2 59.1
100 28.0 193.1 713.1 504.0 e 30.2 35.2
500 25.6 170.5 78.9 5440 33.5 29 .4 §1.3
500 26.9 185.5 18.56 541.9 4.6 28.9 5.3
1000 26.4 182.0 80.0 551.6 33.9 3i.2 43.1
1600 26.5 182.7 79.4 547.4 4.9 3.4 41 .1
2000 26.4 182.0 82.5 568.8 2.5 9.8 40.3
2000 27.1 146.8 80.4 554 3 32.1 29.0 4.9
. 3060 26.0 175.3 82 .4 568.0 30.8 27.4 40.6
v, 3006 27.9 192.4 82.2 566.7 30.5 28.7 3.2
" lest Temperature - RI
0 ) .5 286 .1 82.9 571.6 5?.9 40.7 s
0 42 .6 294 4 2.7 570.2 51.1 38.0
106 42 .2 290.9 91.7 632.2 46.3 3.3
100 44.) 8.2 9.7 618.5 44.) .3
504) 42 .14 292.3 9.5 665.3 43.6 32.7
500 41,2 297.9 93.7 646.0 39.8 30.5
1C00 43.7 .3 92.3 670.9 42.0 32.5
10046 45.5 i 9 .4 bhd.6 8. 30.7
SO0 43.3 298.5 90.1 62.12 42.5 2.5
2LiM) 44.5 j06.8 98.9 6819 36.4 il.8
000 42 .4 292.3 100.2 690.9 4. .6 32.4
3000 45.2 e 106, 3 694 .5 2.1 4.6

" Reduction in ared not reported because all Spechmens deformed into an oval croess section.

©5SVTD AMVIIINAONd 3SN0O4ONTLSIM
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fABLE 2.2-4
CHARPY IMPACT TEST RESULTS - EFFLLY OF AGING

TIME AT BOO°F (427°C) - KiOM TEMPERATURE TESIS
CENPSIFUGALLY CAST A35) CFBM

Axfal Orientation Circumferentiul Orientation

Lateral Lateral
Aging lime Expansion Expansion
Hrs. (wils) (mils)

0 177 {240 105 147 199 99
0 145 (197 105 161 218 110
0 183 (248) 107 133 180 112

100 129 175 97 110 (142) 87
100 151 205 90 119 161 92.k
100 103 139 136 89

3 € fy’]qru'vxlf v

87 100

AMY 13 1¥dD¥d

500 6l 49 59 80 58
500 q) 44 45 6l 46
(

500 5 49 46 62 47

1000 52 43 50 68) 48

10060 53 45 40 54) 39.¢
)

1000 30 34 45) 35

1M

2000 39 54) 42
2000 14 15 4 40§

2000 29 { 24 26 15 27
000 15 y ] i
s ‘Y l ) 34
3000 'H } ‘ [ 3¢ <Y




Material

As received CHBM
cast stainless
Heat C2378

Average of two
heals

As recetved CHHEM
cast stainless
Heat (Y48

Heat (2374

CEHM Cast
Stainless
Heat (1488
Aged 3000 s
6 147

NOTE

(1) to convert mches to cm
(2) to convert trom iulh/iué to M)/
(:

IABLE 2.2-5

Temperaiure

)

ile

Ri
il6

SUMMAR: OF RESULTS - TOUGHNESS OF CFBM STAINLESS PIPING MATERIAL

g

f

(ksi)

60.7

4.0

62.5
48.2

multipl

/

@
Ye 2 ii—‘)lc
(LULTVATIN R S
2760 1137
2868 1.559
20012 0.805
1315 0.682
by 2.54
waltiply by 0.000175)

) to convert trom indb/ind to M)/ud waltiply by 0.00689

dllsmg only the data from Heat (1488,

dJ
da

1s near 60000 ill-lb/lu‘

dJ

da 3
inlb/in
52061

16613°

12109
15265

Nusber of
Specinen:

Range of 2a
inches)

0.090-0.288

0.039-0.29

G.021-0.174
0.018-0.179

SSYT) AMY1I3INdO¥d ISNOHONILSIM
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wESTINGHCUSE

LATERAL EXPANSION (MILS)

ENERGY (FT-18)
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Effect of Aging Time on Charpy

x 1.355818 = Joules; Miis x
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A

Figure 2.2-5 Aging Effects on Jre at 60C°F (343°C) - 316
Stainless Steel - Conversion Factors: in «x
2.54 x 10-2=m, in-1b/in x 0.0001757 = MJ/m

2-25
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WESTINGHOUSE PROPRIETARY CLASS 3

TEMPERATURE (°C)
184 129 .73.3 177 377 933 49 204 280 316 37

| | l l |

222 |- O AS RECEIVED @ 1200 HRS.
240 b— A& 1000 HRS. A 1570 HRS.
C 500 HRS. ® 2000 HRS.

180
160
140
120
100

80

CHARPY V NOTCH ENERGY (FT-LB)
3

8 &

-300 -200 -100 0 100 200 300 400 s00 600 700
TEMPERATURE (9F)

Fiqure 2.3-2 Charpy V-Noteh Snergy Curve ‘or Varicus Aging T mes
Four Incn Pigce Materal
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Therefore, it may be concluded that the model of Slama, et.

consistent with the conclusions of independently conducted
studies of thermal aging behavior. ne mechanism of a
precipitation of a chramium-:-~h phase, which occurs
cemperatures for pressurized water reactors (288 -215°C)
temperatures exceeding 400°C, so the data from icceler

°@ used to predict the beha' or at cperating temperature
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FRACTURE ASSESSMENT IN

METHODOLOGY

Oetermination of the conditions which can lead to fa

ilur

must be done with plastic fracture methodology because

jeformation accampanying fracture. The state-of-the-are

prediction is such that several viable methods are avail

.
1

Tearing instability
R-6 failure assessment method
Direct application of J-R curves

A1l of these methods include same method
jrowth which precedes final failure

v

axtension of the crack is accamplished by an increas
in

material, as displayed graphically the J-integral

previoQus section.

- A/1M19 09
- 37 ) : 1 /7
e IV LAV LG Lo OO

1ng tougnness

R curves d4di
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EAPERIMENTAL VERIFICATION

experiments were

type of loading, and

equation was used.
internal pressure as

nament

ous

e
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and th

. o 2 - ~ . " - - - -
ne equivaient prediction for a through-w ‘ ‘ / orienteq f

suggested by Ziber et al. [23], and shown | ! e

piping gecmetries and materials in a sizeable
pipes are largely unaffected by imposed bending maments

pressure is given dy:

PLim = 9L %Ry

a/yRmt

crack length
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4.4 STABILITY ANALYSIS BASED ON TEARING MODULUS

- “-ve

In addition to the plastic instability metrodol ogy detailed earlier in

section, the stability of flaws postulated in the reactor coolant 2ininc

o W

also be evaluated by characterisation of the local ¢ ' drRnavior,

Oeéhavior of the pipe in the crack tip region was s ‘ Irough the vat

stages which can lead %o failure, t! is crack
extension and then crack instability. Material
of the J-integral K curve, and the evaluatic

in “wo stages. The first stage is the avaluation
will initiate under the app'ied 1ocading, >ased on
preoperties of the material. The second stage
Oased on applied and material values

Dackground and experimental validation

stability of cracked pipes were orovided
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AGED SPECIMEN

NTERNAL PRESSURE 2050 °S]
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AEST INGHOUS

PRODUCTION AND QUALITY ASSURANCE

Stainless steel reactor coolant piping used in nuclear steam

must De produced and inspected to ensure certain standards
reliability.

Jnce the pipe

into service.

§11M-1N/129171 M
. -~ e AW/ MG A
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