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SECTION 1

INTRODUCTION

Cast stainiess steel is one of the prime materials used for primary ccolant
piping. These csst materials can contain ferrite levels greater than 15
percent.to produce imprcved yield and tensile properties. This steel has i cny
been known to be susceptible to themal aging at temperatures in excess of
800*F (427*C), and there is now evidence that themal aging can occur at

temperatures as low as[ 3* -a,c,

Recent experimental work has been conducted to study the effects of 1cng time
themal service on the properties of Type 316 cast stainless reactor coolant
piping.[1,2] Results of these studies shcw that the fi cw prcoerties of ne

steel are not _strongly affected; the ultimate tensile strength is elevated
slightly and the yield strength is essentially unchanged. The ductility is
slightly reduced, as measured by the elongaticn and reduction in area frcm
tensile tests. The Charpy impact energy and the J pr perties of the steelIc
are measurably degraded, however, and this inf omation elicits the question of
the effect of the aging process on the integrity of the piping.

In this report, experimental data obtained on several series of specimen tests
are discussed, and two methodol ogies f or assessing the integrity of piping
c cmp onents [ ]'are -a,c,e

descri bed. Justification is provided f or the use of these methcds f cr
thermally aged piping through a series of burst tests ccnducted on actual agec
materi al . A detailed discussion is also provided on the mechanism of damage
induced by the aging process in the[ ] temperature range, -a,c,a

and a model for predicting the extent of damage as a functicn of time and
temperature is reviewed and validated in tems of the mechanisms. This mcoel
is applied to the piping which exists in ten different plants, to predict
their end-of-life properties as affected by the aging process. The results of
application of the model are then discussed relative to availaDie fracture
properties, and the integrity of the piping is then evaluated f or these plants.
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SECTION 2

i

EFFECT OF THERMAL AGING ON THE

FRACTURE TOUGHNESS PROPERTIES OF CAST STAINLESS STEEL

'

2.1 INTRODUCTION

,

Thermal aging at elevated temperatures of cast stainless steels has been kncwn
for some time to reduce significantly the Charpy impact energy [1]. The

implications of this behavior to fracture tcughness parameters (X, J, T) have
only been investigated in recent years [2,3,4]. In this section these recent ;

Iworks are reviewed and summarized. Recently obtained unpublished c cnfinnatory
fracture toughness results are also presented.

2.2 PAPER BY LANDERMAN AND BAMFORD (REFERENCE 2)

In this paper, results from test sections of cast Type 316 stainless steel
(ASTM A351 CFEM) aged at 800*F for periods of 100 to 3000 hours are
p resented. These results are sumnarized bel cw. Discussiens of metallurgy ana

j mechanisms in the paper are not summarized but are covered in detail in
'

Secti on 3.

2.2.1 THE TEST PROGRAM

1

The test program consisted of evaluating changes in the Charpy impact values,
tensile data, J-integral and f atigue crack grcwth rate data (both in air and
pressurized water reacter [PWR] environments). The materials testec were in
the folicwing material ccnditions:

1. As received, solution annealed.

2. Condition (1) after aging at 800*F (427'C) f or 100, 500,1000, 2000, and,

3000 hours, respectively.
i

!

533 7Q: 10/121483 2-1
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Charpy V-notch (Cv) impact and tensile data were obtained in the unaged

p conditions and after aging at 800*F (427'C) for all aging times. The J
Ic

and fatigue crack growth tests were performed only in the unaged and 3000 hour
aged condition.

2.2.2 MATERIAL

The materials used for the program were two heats of centrifugally cast
stainless steel pipe, ASTM A351 Grade CFM. The dimensions of the as-cast'

pipe were approximately 37 inches (.94 m) 00 and 31 inches (.79 m) ID with a
three-inch (.08 m) nominal wall. The chemical analyses and the as-receivec
properties of the test materials are shown in Table 2.2-1 and Taole 2.2-2.

Charpy V-notch specimens were taken in the axial (al ong the length of the
pipe) and circumferential directions as shown in Figure 2.2-1. The lengtn of
the notch in the Charpy specimens was oriented perpendicular to the surface of
the pipe. The Charpy V-notch specimens were taken with the axis of the
specimen being at 1/4 thickness (T) location fran the ID and OD 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 (Figure 2.2-1).
The canpact tension specimens f or the f atigue crack grcwth tests and the

fracture toughness tests (J k) were taken with the crack extension being
perpendicular to the pipe thickness and the specimen notch being parallel to
the length of the pipe, as shown in Figure 2.2-1.

2.2.3 MECHANICAL PROPERTIES

The aging process produced different effects on the range of mechanical
properties measured. The tensile properties were essentially unaffected
except for a moderate increase in the tensile strength and decrease in
ductility; no significant effects were observed on fatigue crack grcwth
behavi or. The 1argest effect was observed on the Charpy imoact prcoerties,

with a similar, but less severe effect cn the measurea J:c values.

-- _ m _ _ _ _ _ __ _ _.__ __--__----
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2.2.4 TENSILE TESTS

The tensile results show slight hardening as evidenced by the increase in
I

ttnsile strength and decreases in the total el engation and unif crm elongation
shown in Figure 2.2-2 and Table 2.2-3. It should be noted that the yield
strength showed essentially no change.

2'.2.5 CHARPY V-IMPACT TESTS

The Charpy V-impact test results show a significant decrease fra the unaged
~

condition to the aged condition, 3000 hours at 800*F (427'C) (Figure 2.2-3 and
Tabl e 2.2-4) . Although the absorbed energy for the specimens was slightly
higher for the axial specimens compared to the circumferential1y oriented
specimens in the unaged condition, these differences were not noted after 1C00
hours aging. The largest rate of properties change occurred during the first
100 hours of aging.

2.2.6 J-INTEGRAL TESTS
.

Characterization of the fracture properties of the stainless steel was
acceplished by determination of J at both rom temperature and 600*F

7

(316*C) according to the present re amended practice of ASTM At the.

600*F (316*C) temperature, tests were perf ormed on both aged and unaged
material of the same heat (C1488), while at room temperature only the aged

material was tested. These results could be cmoared with results of .an
earlier series of tests on another heat of the same steel (C2375) in the
unaged condition which were reported recently (6]. In all cases the tests
empl oyed " stat'ic" 1 oading rates.

Results for both the aged and unaged material of both heats are summarized in
Table 2.2-5. Only material aged f or the maximum time of 3000 hcurs at WO'F

(427'C) was tested. The J values reported here for heat C2375 are
7c

sanewhat different than those reported previously [6] because tne reccanenced
practice f or J data interpretation has been revised and thus, the previ ous

r@Ulst.JUM1925LRs _ 13 _ _ _ _ _ _ _ _ _ _ _ _ _ - _



.. .. .
.

- __ __

'4STINGH0tJJE ' 10PRIETARY C1. ASS 3

data were *einterpreted to be consistent with the newly cbtained prcoerties.
The value of J f r each c nbination of material and condition wasIc
determined by using the multiple specimen technique new recomiended by
ASTM , where the subcritical crack extension was measured by heat
tinti ng. The data are presented in Figures 2.2-4 and 2.2-5 for tests at roon
temperature and 600*F (316*C), respectively. The ASTM procedure precludes

data points which are too close to the blunting line or those which display
v:ry large crack extensions. Several of the specimens tested fell into tnese
categories, and so were not used in detennining J These points are7c.
included for reference only in Figures 2.2-4 and 2.2-5. In all cases, except

one, data for a single material and test temperature, have been used to cotain
J In ne case, however, data fran two heats in the unaged condition wereIc.
obtained at 600*F (316*C) and these data were canbined in detennining J Ic
for this conditi on. The ellipses in Figure 2.2-5 enconpass valid unaged data
fran the two heats, respectively, and emphasize the judgmental aspect of the
R-curve drawn.

.

There was a clear effect of the aging process on the J tcughness valuesIc
Obtained at both room temperature and 600*F (316*C). The toughness measured
at room temperature decreased from 2760 in-lb/in2 (0.483 MJ/m ) to 20122

2 (0.352 MJ/m ), while the toughness at 600*F (316*C) decreased2
in. Ib./in

2 (0.502 MJ/m ) to 1315 in. Ib./in22sanewhat more, fran 2868 in. lb./in
2(0.230 MJ/m ). As may be seen in Figures 2.2-4 and 2.2-5, the entire J-R

curve changed with the aging process. Another measure of the fracture

resistance of the material ,can be obtained fran the sicpe of the J-resistance

curve, dJ/da which describes the rate of increase in J above J Ic' 88
subcritical crack growth occurs. The room temperature tests shcwed that the
aging process caused the s1 ope to drop frcm a very steep value to a moderate
sl ope. The slope of the J-resistance curve obtained at 600*F is judgmental as
noted by the ellipses in Figure 2.2-5. Very little sicpe change due to aging
is noted if the lines are examined. On the other hand the individual sets of
data suggest a more substantial change with aging esoecially if cnly the data
fran heat 1488 are examined. A change in sicae nas been co:crved in acre
recent tests, to be discussed later.

_- . _ . -
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2.2. 7 FATIGUE CRACK GROWTH DATA

Fatigue crack grcwth rate tests were performed on a series of WOL type
specimens 2 inches (5.08 cm) in thicknest, in both air and pressurized water
reactor (PWR) environments. In both environments the tests were conducted at
550*F (288'C), and the specimens were side-grooved for abcut five percent of
the thickness. Tests were conducted only on material aged for 3000 bcurs at
800*F (427'C), and results were canpared with data tests of tha same heat

(C2375) in PWR environment [7]. The results are summarized in Figures 2.2-6
and 2.2- 7.

Results of the PWR fatigue crack growth rate tests are presented in Figure
2.2-6 and show that there is little, if any, effect on the crack grcwth rate
results as a result of either the PWR environment or the aging process f cr
crack growth rate tests at low R ratio. The data for the aged specimens
scatters about the data obtained previously for the same heat in the unaged
c onditi on. Data were obtained on aged specimens under sinusoidal Icadings at
test frequencies ranging fran one to twenty cycles per minute with no
observable effect of frequency.

Somewhat unexpected results were obtained on the agea specimens tested at hign .

R ratio, where the crack growth behavior showed large reversals near the
beginning of the test, in each of the two specimens tested. One specimen,

SW-34, showed unusually high grcwth rates before undergoing a large reversal
which brought the rate dcwn to the other data at the same R ratio. Because of
the unusual benavior of the aged specimens, canpariscns with the unaged
results are difficult, but generally it may be seen in Figure 2.2-6 that agea
and unaged material 3hcwed equivalent behavior. The effects of R ratio on tne
crack growth rates for this material can be successfully acccunted for by use
of the Walker model [8]. The Walker model involves a portrayal of fatigue
crack growth rate data in terms of an " effective" stress intensity f acter,

Keff, defined as

Keff * Km (1 - R) (1)

53370:10/121383 2-5
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)

where, Kmu = maximum applied stress intensity f actor

R = stress ratio (Kmin/Kmax)

X = an empirical constant dependent on material and envircnment

The fatigue crack growth law then becomes:
.

da n
H = C K,ff (2)

where, C and n are detennined from test data.

The Walker model has the advantage of reducing to the conventicnal portrayal
of crack growth as a function of aK when the R ratio is zero. Results of
interpreting the data in terms of the Walker model are presented in Figure
2. 2- 7.

2.2.8 CONCLUSION<

The major conclusions reached in summarizing this paper are:

1. Although significant reductions in Charpy-V toughness were observed the
changes in J were not nearly as severe.Ic

2. The crack growth characteristics of aged and unaged materials were
c onparabl e.

2.3 PAPER BY BAMFORD, LANDERf%N AND DIAZ (REFERENCE 3)

This paper is a follow-up of the one summarized in Section 2.2. Essentially a

series of experiments were conducted to characterize the effects of high
~

temperature service [ ]on the mechanical properties of cast stainless -a,u,e
steel. The material studied was Type 316 CFat stainless steel, whicn has a
duplex structure consisting of ferrite and austenite. Tensile, Charpy and

53370:10/121383 2-6
)
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J-integral R-curve properties were determined. To investigate the f ailure
mode of thermally aged piping, entire sections of this heat of f cur inch
(10.2 cm) schedule 80 cast piping were aged and tested to failure after the
introduction of large flaws. The material was aged f er 2000 hours at 800*F
( 42 7'C) . The chemical camposition of the material used in this investigati en |
is given in Table 2.3-1. Orientation for the specimens tested is given in
Figure 2.3-1.

.

The tensile properties obtained are presented in Table 2.3-2. As previously
noted, an increase in ultimate strength was found with aging while the yield
strength was almost unchanged. There was a slight decrease in total
elongation with aging with a greater decrease noted for the reducticn in area.

The change of Charpy V-notch energy with aging is shown in Figure,2.3-2.
Interestingly, for temperatures of interest the major reducticn in Charpy
energy occurred in the first 500 bcurs of aging with no significant cnange
noted thereafter.

The shelf energy was still near 100 f t-lbs (down from near 180 ft-lbs) after
the 2000 hours of aging. An increase in transition temperature of close to
200*F is noted.

J-R curves for the material, aged and unaged, are given in Figure 2.3-3. No

real effect of aging was discerned in these tests.

2.3.1 CONCLUSION

The major thrust of this paper is on the testing of piping, as discussed
later. Perhaps the most significant cbservation f rom the material presented
here is the rather dranatic increase in Charpy V-notch transiticn temperature
as noted in Figure 2.3-2.

533 7Q: 10/121483 2- 7
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2.4 PAPER BY SLAMA, PETREQUIN, MASSON AND MAGER (REFERENCE 4)

Reference 4 is a most significant paper in that themal aging effects on
fracture toughness are examined for up to 10,000 hours, and a metallurgical
model is set forth for evaluating such effects. The model is discussed in tne
next chapter.

Both welds and cast pipe were evaluated. The effects of aging en the tensile
properties for the most highly sensitive of eight welds are given in Figures
2.4-1 and 2.4-2. Only a slight effect of aging is noted. In Figure 2.4-3 the
Charpy U-notch impact energy is seen to decrease fecm around 7 dad /cm2 (40
ft-lbs) to near 4 daJ/cm2 (24 ft-lbs). The welds are judged not to be
overly sensitive to aging with the cast pipe being the limiting material.

.

Twelve heats of cast stainless steel were evaluated f or themal aging.
Figures 2.4-4 and 2.4-F ummarize the effect of aging en the tensile
prcperties for one of tr.e most sensitive heats (Heat 3). Slight increases cf
yield strength and elongation are noted while the ultimate strength is seen tc
increase significantly and the reducticn of area decreases significantly. In
Figure 2.4-6 the Charpy U-notch energy at room temperature is seen to decrease

fr a 20 dad /cm (117 ft-lbs) to near 3 dad /cm2 (18 f t-lbs) . In Figure
2.4-7, the energy is near 6 dad /cm2 (35 f t-lbs) at 300*C (570*F) .

Rom temperature fracture toughness prcperties of two unaged welds are given
in Figure 2.4-8 cmpared with stainless steel plate. AJ of 130 to 150

2
g

kJ/m2 ( 750 to 850 in-lb/in ) is noted. The tearing mcdulus is near 150
however.

Rom temperature fracture tcughness prcperties of unaged and aged heats (X and
L) are given in Figure 2.4-9. The J f r aged Heat L is seen to be aroundIc
100 kJ/m2 ( 5 71 in-lb/i n ) . The tearing modulus is between 50 and 55.2

Higher temperature results for Heat L are given in Figure 2.4-10. Depending
on test temperature and specimen, J is seen to vary between 100 and 240

2 Ic
kJ/m2 (5 71 and 13 M in-lb/in ) . The tearing mcdulus at 320*C (600'F) can

be estimated frm the side-grooved specimen data to be between 40 and 65. The
non-side grooved specimens yield a tearing modulus of 66.

533 7Q: 1D/121483 2-8
. . . .
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Heat L was also used to investigate the effect of themal aging on fatigue
crack growth. These results are given in Figures 2.4-11 and 2.4-12. No

significant effect of aging is noted, which is in agreement with the earlier
work of Landennan and Bamf ord [2].

It should be noted that Heat L was f ound highly sensitive to themal aging,
2having exhibited a Charpy U-notch energy of between 2.8 and 3.6 dad /cm

(16-21 ft-lbs) at room temperatures after having been aged at 400*C ( 750*F)
f or 7500 hrs. Based on the model and discussion of Chapter 3, Heat L in tne
aged condition reported in [4] is judged to represent end-of-service-life
properties f or operating temperatures. [ L

3

2.4.1 CONCLUSION

The most significant points of the portien of the paper discussed here are as
f oll ows:

1. Even though the Charpy U-notch energy is significantly 1cwered by themal
aging of the most highly sensitive materials, the resistance to ductile
crack extension remains reasonably high.

2. Themal aging does not impact f atigue crack gemth.

2.5 CONFIRMATORY WESTINGHOUSE RESULTS

It has been postulated in the Slama et. al. paper [4] that Heat L which was
thermally aged at 750*F for 7500 hcers reached the end-of-life tcughness in
tems of Charpy U-notch impact energy (16-21) ft-lbs. at room temperature .

-

- -a.c,e

|

._- J

5337Q:1D/121483 2-9
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2.6 CONCLUSIONS

There are several significant observations and conclusicns which may be made
fran the infonnation presented in the previous sections. These are given
below.

1. The literature cited is consistent in that the degradaticn of Charpy
energy (V-notch and U-notch) at room temperature occurs early in the
thennal aging process and proceeds at a decreasing rate thereafter.

2. The literature is consistent in that the yield strength is little effected
by thennal aging (showing a slight increase) while the tensile strength
may increase significantly; the reduction in area is significantly
decreased.

.c.
- -;

!

P

f

I

|_._ -
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.

U BLE 2.2-1 CHEMICAL ANALYSIS OF STEELS TESTED (WEIGHT PERCENT 4
a

Heat No.

C2375 C1488

Element Ladle Ladle Check

C 0.05 0.06 0.061

Mn 0.86 1.09 1.02
P 0.013 0.016 0.021

5 0.022 0.016 0.015

Si 0.74 0.75 0.d3
Ni 9.46 10.45 9.48
Cr 19.93 20.20 20.95

Me 2.55 2.52 2.63
N Not at 0.0562 Reported Recortac

'

Co 0.06 0.077 Not
Recorted

. . ,

Fecri te ' 21 14
.

.

* Ferrite cor. tent based on Ladle analyses anc using Sc.cefer Diagram
Nitregen content in :ne cre-k analysis for , eat 01488 aas inclucec in ne
calculation.

2-13
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TABLE 2.2-2 ilEAT TREATHEllT AND TENSILE PROPERTIES OF A3SI Cf8H at
650*f (343*C)

'

E
0.2% Yield Tensile Reduction U-Tenperature Strength

2 Strength Elongation in Area p2Al loy Condi tion *C KSI Hn/m KSI Hn/m % % g
OCentri fugally cast Arinealed at RT 46.0 317.4 75.4 520.3 ustype 316 A-3SI 2050*f (ll21*C) 343 22.9 157.9 64.5 444.7 41.0 55.5 "'

CI BM for 4 hours mlleat C2375 Water (luesictied
c"3~
m
"

Centri fugally cast Aristealed at RI 38.3 264.3 83.2 574.1 40.5 70.7 C
-

type 316 A-3SI 2050*f (ll21"C) 343 26.8 184.8 69.5 479.2 44.0 57.0 >CI hH for 4 hours $lleat C111111 Water 4 teiiched

P
s
u,

1
J

|

i

i

. _ _ _ _ _ _ _ _ _ - _ . . .-
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IAllLE 2.2-3 EffECT of AGING AT 800*f (427*C) CJ TENSILE PROPERTIES of TYPE 316
A351 Cf8N CENTRIFUGALLY CAST STAIHLESS SIEEL 16 EAT Cl488

A 1ng 0.2% Tensile Total unt form9
Tir.e Yleid Stren9th Elongation Elon9ation RA
ilrs . Strength 1 1 %

MN/m2 Mn/m2 3

Test Ivmperature KSI Pa KSI Pa

600'f(316*C)
0' 25.8 177.9 68.7' 473.7 45.0 37.5 59.7
0 26.2 180.6 67.1 462.6 42.9 35.5 66.9

.

' y100 26.2 180.6 73.9 509.5 35.9 30.2. 59.1 m
- '

100 28.0 193.1 73.1 504.0 30.0 30.2 55.2 $,

1 500 25.6. 176.5 78.9 544.0 ,33.5 29.4 51.3 g'

L-
500 26.9 185.5 70.6 541.9 34.8 29.9 '48.3 o-

^

1000 26.4 182.0 80.0 551.6 33.9 31.2 43.1 6
>

1000 26.5 182.7 79.4 547.4 34.9 31.4 41.1 r-
'

2000 26.4 182.0 82.5 568.8 32.5 29,8 40.3 $.
2000 27.1 186.8 80.4 554.3 32.1 29.0 44.9 y
3000 26.0 179.3 82.4 568.0 30.8 27.4 40.0: x

$ 3000 27.9 192.4 82.2 566.7 30.5 28.7 37.7 @*
Iest remperattere-iti E

m
0 41.5 286.1 82.9 571.6 53,9 40.7 U*

0 42.6 294.4 82.7 570.2 51.1 38.0 x
-

'
100 42.2. 290.9 91.7 (,32.2 46.3 34.3 #'

100 44.7 308.2 89.7 618.5 44.7 34.3 p
540 42.4 292.3 96.5 665.3 43.6 32.7 w
500 43.2 297.9 93.7 646.0 39.8 30.5 $

1000 43.7 301.3 97.3 610.9 42.0 32.5 w1000 45.5 313.7 96.4 664.6 38.1 50.7
2000 43.3 298.5 90.1 62.12 42.5 32.5 >

, 2000 44.5 306.8 98.9- 681.9 36.4 31.8
} . 3000 42.4 292.3 100.2 690.9 42.6 32.4

'

f 3000 45.2 311.6 100.3 691.5 42.1 34.6

* Iteilut t ion ist di ed riot reliurted liccaisse all spectiinans ilefusweed init o asi oval cross sect iini.

*
. ~

-p i

-

$

.

Y. , ,
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TADLE 2.2-4

'

CHARPY IMPACT TEST RESULTS - EFFECT OF AGING
TIME AT 800*F (427"C) . ROOH TEMPERATURE TESIS ,-

CfMISIFUGALLY CAST A351 CF8M-

J

Axial Orientation Cf rcumferential Orientation _
Lateral Lateral ,.

ansion ExpansionAging Time
Hrs. Ft-Ibs (Joules) Exp(alls) Ft-Ibs (Joules) (mlis) t;

m

-

0 177 f240'l 105 147 f l99'l 99 5
0 145 fl97'l 105 161 f218h 110 T

,E0 183 I!248|| 107 133 (180|| 112

100 129 f175 97 110 [149) 87
N 100 151 I205 90 119 f161'l 92.5 3
h 100 103 [139 87 100 I!136j 89 Q

x
~

$00 61 f 83 49 59 58
500 47 f 64 44 45 46 *

500 45 d 61 49 46 47 $

i 1000 52 f 71 l 43 50 l' 48 o
1000 53 I721 45 40 i 39.5 E'

1000 33 I45j 30 34 || 35 y
"

2000 40 39 40 f 'l 42

1(, |2000 34 35 34 | 38
2000 29 24 26 J 27 |

3000 35 ( 47) 32 39 ( 53) 35
3000 29 ( 39 31 32 ( 43) 34
3000 28 ( 38 12 26 ( 35) 29

1

I

_ ______________
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TABLE 2.2-5 Sl_HiAR.' Of HESul.TS - TOUGINESS OF Cf8N STAINLESS PIPING MATERI AL

Temperature f Ic IC Nundser of Hange of aa2 3
Ma te ri a l_ ( * L)_ (ksi) (inib/in ) "f (inib/in ) _ Specismens (inches)

As received ClllH HI 60.7 2760 1.137 52061 9 0.090-0.288 x
cdst std|filess ~ $ ;

lleat C2378 -

O
'

2

E;

i Average of two o
heats E

j As received Cit!H 316 46.0 2868 1.559 16613" 11 0.039-0.290 rn
Cast staisiles5 *

. T'
ileat C!4811 $j' ilea t C23711 g

x -

C l

(filH Cast HI 62.5 2012 0.805 12109 6 0.021-0.17S > |

" n <

'
j 316 48.2 1315 0.6142 15265 7 0.018-0.179 *

, , , gg
I Aged 3000 hrs. S

& 34 7"C $
m ,

GA

laulf : (I) to convert inches to cui uiultipig by 2.54
(2) to convert from inib/in2 o H.1/uf multiply by 0.0001751t

i (3) to convert ironi inib/in3 to H.1/m3 uni tiply by 0.00689

__

g

.
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TABLE 2.3-1 CHEMISTRY OF CAST PIPE USED Ill EURST
TESTS OF AGED PIPE

l

__

GRADE CASTIflG ANALYSIS (",) l FERRITE CONTDT
NUMER

C | Mn | Si | Ni ! Cr I Mo N! Schaeffl er
_

'

SA 351 (CF8M) 8711 0.08 0.84 1 .01 9.34 19.65 2.51 13.0

I i
..

.

TABLE 2.3-2 AGED PIPE TENSILE :ROFERTIES

d

Temperature fleic Ul timate Total AA
Spec (*F) Stress Strength Elanc. i

'

(ksi) (ksi)
~

:,
,

I i

(A) WC-1 600 25.3 73.5 32.2 ! 16.3
(A) WC-3 600 24.1 77.5 35.9 ! 51 .1 |

h53.5(A) WC-2 75 39.1 99.3 47.9 '

WC-4 600 25.1 57.9 38.5 55.3
WC-6 75 38.5 52.3 29.1 i 77.0-

i
'

. .

(A) Aged 2000 hrs. at 500F (427C)

,

2-18
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.

TABLE 2.5-1: TENSILE PROPERTIES OF HEAT L

HEAT L: Solution annealed 1 br. at 2050*F
(ll20*C) and water quenched on blank i

a
TENSILE PROPERTIES ON MEAT L

|

-

Test Temc. fielo ' Ultimate Recuction [ctai*F (*C) Strength ksi(MPa) Strength in Area (".) ionga:icn
_

unaceo

RT 42.5 (293) 83.2 (573.5) 76.5 20.

650 (343) 26.0 (179) '65.8 (454) 29 25.5

(188) 158.0 (469) 63 6 20.2
i

!

Aced 7500 hrs. at 750*F (400*C)

RT 45.4-47.9(313-329) 108.3-109.2(747-753) 30-25 19-35

650 (343) 31.0-33.6(214-232) 96.3-96.l(664-663) 21 -20 2'-Za

c

a~
Crcusot-Loire Data

2-19
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Figure 2.2-3 Effect of Aging Time on Charoy Imcact Res:!!ts Conversion Factors: ft ib
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Figure 2.2-5 Aging Effects on JIc at 600*F (343*C) - 316
Stainless Steel - Conversion Factors: in x
2.54 x 10-2=m, in-lb/in2 x 0.0001751 = MJ/m
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Figure 2.2-7 Use of Walker Model to Correlate Fatigue
Crack Growth Results Aged and Unaged 316
Cast Stainless Steel in PWR Environment

2-27

.

, _ . _ _ _ _ . _ _ _ _ _ _ _ _ _ - - _ _ _ _ - - - _ - - - - _ _ _ _ - _ - - - ^- -- -



_ _ _ _ _ _ _ _ _ _

.

WESTINGHOUSE PROPRIETARY CLASS 3
'

.

N)/c/
-

_ W/ \
^

! %/ ! /2
\, /''

/

I

I

- |

-

f

.

Figure 2.3-1
Scecimen Orientations in : cur inen P ::e Matenai .Sc. nemat:c:

2-23 '



- -

4:ss. :

WESTINGHOUSE PROPRIETARY CLASS 3

|
.

TEMPERATURE (CC)
184 129 73.3 17.7 37.7 93.3 149 204 260 316 371

280

| 38'.I I I I I I i i 1

2S" o AS RECEIVED G 1200 HRS. ~ 354 '-

a 1000 HRS. A 1500 HRS.240 327 -|
- -

g C 500 HRS. 5 2000 HRS. $: 220 goo- _
--

200 272- -

~
>. ~ / -O Cc 180 '4c- -

:x ..

$ 160 217.7 5- -

u.

|140 190_'- -

$s20 *-3d 152 3- -
--<z

k g\ - - ~ u - a- I ". . .
_

> 100 ,- ~

- 4 -- '

D 80 (- 108.3 i---a:

$ 60 51 5
'

- -

o
40 54.4- -

20 E 27.2- -

0

300 200 -100 0 100 200 300 400 500 600 700

TEMPERATURE ( F)

i

Figure 2.3-2 Charpy V-Noten Energy Curie 'or varicus Aging Times
Four Incn Pice Material

2-29



- _ _ _ _ _ _ _ _ _ _ _ _ _

tESTINGHOUSE PRCPRIET ARY CLASS 3
4:25.. - 3 .

.

-

** .
2
R
c2
4

.

Z
.
~

.

r

i

.

!

4

e

a

,

!
,

!
!
i

|
.
4

i

|
-

|

:
I

J

Figure 2.3-3 J-R Curve for Four inen Pi::e .\1atenai

2-30

_ _ _ _ _ _ _ _



. - __

HEST [NGHCUSE PROPRIETARY CLASS 3

4

I i 6 i i
moL _

s s + +
| R$ ,- -

3
+ .

,
* e

an _

| .
,

'
I vs * i

' '
'

- = _.
= Sa; w -

*

C i
.m ;.

I |
3 et _

I. .

3 1

.

_5
2006 293.; g 2*: * -

..n. .; 4,; . _ece-seare ,.

~ -

s =_
2 -

_ .

-
= = _

-

; -

I l
a 4 ,1

a as a a* :p ; - es

:ar:

Figure 2.4-1: Influence of aging on tensile crocerties of a nele

2-31

-- --- _ _ _ _ _ . - - -. - _ _ . . . . - . -



l

*

3
tfESTINGHOUSE PROPRIETARY CLASS

,

!
|

|

|

'06
t 8 'i i j j i

*-

O *ging 20' c e"

E *emograture 250* C o =
=g .0 s a

.,- .
,

_._
.

.
-

4 .
.

mL _

%I* R , .
,

,C. . . .
. .

. .
-

- ,
-

4-
- E.

,
*

18 2 , . -

*4 4 .Mb *

.

.
-

3 w
.

.
==

S
=

I
I I -|

. '

a A, } ,

3 g 12 'QJ '0* ;g..g ...g

:urs

Figure 2.4-2: Influence of aging on the elongation and recuction
of area of a weld

2-32



- - -___-__ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _

WESTINGHGUSE PROPRIET ARY CLASS 3

.

1 - . , ,

-: :u r .~

i sea n .aging ,~, inac h a. -w- s ou n a .
- - s am a =
y -

,

=
_.* .

-
.

.

. ,

1 .
-

. * 4
... A 4 -

( 1 -

3 -

. = ,,

- . 4
-

.

-

.

-
-

, , . ,

o a := m .co a
"e*ceasture :# agta- ':

Figure 2.4-3 Influence of aging on imcact Charcy tougnness (KCU)

. . . , R 99 . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



-

WESTINGHOUSE PROPRIETARY CLASS 3

I
.

S
| u,
5 =- i

/

I / t

E /
,'y m-

!* '
-

u s -

,
p '

% 6 s
{. E m -

%
i
m
== sm -.- . . . .

W
. . . . .

5
." * -

.

g~ .

. % h

j _ _ _ _ _ _ _ _ 4 _ - ,I
* i/'

_ 4_ _ _ _ _ _ _

-c} yw u.mmue =c
e o a

m. ' ag e- -

,e o. o- %., ,

Figure 2.4-4: Heat B Yield Strength ana ructure strength
as a function of time aging.

|

2-34
_ _ _ . . . . . . . .



- _ - _ _ _ _ _ _____

.

CLASS 3

WESTINGHOUSE PROPRIETARY

L
4 B

a t.

: E a
, a
c-

_
==
~ -

,r

e e a
-

w
w -e
w 50 in-

C
.=

Q
t -

9 9
.

-3 :u -

C C*
s -

=
5 . a
= 4-
o so "

4 $
,7-

%9. -

E ab L
i

+ _ -- _ _ _ ,_ - _ _ _ .s,.
No=

a gQ ,

U dew emie. |
"

,
_

a 300*: *.

*

a 350*:
~

200*Cg
.

-

.

. . ia

tai & c- .q: .u

.

Figure 2.4-5: Heat 3 Elong tion and reduction of area
as a function of time of aging

2-35
_ _ _ _ _ - _ _ _ - - - _ _ _



, . _ _ _ _ _ _ _ _ _ _ _ _

WESTINGHOUSE PRCPRIETARY CLASS 3
.

.

.

(CtJ(daJteMt

+ . t <>

a [=e 6 -o

h,is . ,

o<.
,,

<P

I <>
,.

.

= =a= > N n \.,

~ t 'N it p tw. . - :
.

:
k

i. ~ c. ~

c ,e e . ~, , -

t

.

Figure 2.4-6: Heat 3 KCU imcac :cugnness as a function
of time.

,

'

4

..

', 2-36



l

__ --- __ __

WESTINGHOUSd PROPRIETARY CLASS 3

!
,

2KCU (dcJ/cm )

'
10 -

..e, , w-

.

8e
1 1 1 I I I i

-100 0 10 0 200 200 400 500
(*C)

.

W

Figure 2.4-7: Heat B Influence of test temcerature on KC'J imoac
tougnness after aging 10,000 nours at 400 0

2-37

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



--_ _ _ _ _ _ _ _ _

.

CESTINGHOUSE PROPRIETARY CLASS 3

, -a,0,a
~

! ,

I

a

!

I

i

i
I
'

.

;

.

I

_

_

J- a Curies for welds 3 and O.Figure 2.4-8: 2
Room temperature (interructed tests)

4

.f

I

2-38

.. .



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

.

WESTINGHOUSE PROPRIETARY CLASS 2

+a,c.e- .
-

. ,

. . . . . .
:

t .

3000. |.

0 M4AT st vtR9tte CINE 00fMBI !
h

e.~E A nsaf a asso seesn a en i 3 '-

3 js .

2 e or 6 a so noe = a saa e ,

.,-

_.

2000 -

.

-
.

'
# a _

C00 _

*
a

d a ,i. m :*
,

. , , , .

: :
G 2 -

-

.
-

Figure 2.4-9: J-da Curves for virgin and aged cast stainless steel

2-39

.. .



- - _ _ . _ _ _ _ _ _ _ _ _

WESTINGhCUSE PROPRIETARY CLASS 3

. +a ,c .e
.

I

!.

.

'
i

:
,

,

t

I

J-

Figure 2.4-10: Heat L J-aa Curves at different emeeratures
Aged material (7500 hours at JCO*C)

4

2-40

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



-

.

WESTINGHOUSE PROPRIETARY CLASS 3 ,

..

,

,42| i -
;~-

_

! -

.

o .._

5 * *
,n -

Tg:- o. . _

g < . .
= .o

-
, ,

3 .o I
s

*Io = i
o

i% .
*Q* , .e ,
. - _

.

, o'e
. .% '
se

'',4 o 78 A 1 ::sa:a '~~
4 78 A 5 ci sa-:s ;'|$"n,, ],,

** v 2 AS 1 c :s j -

,.

ji'["
' i.=* . 78 A9 :Tia :::
,

s

'C ' ,;_

i ,. .
,.

20 20 :.0 50 20 c =J) c
.2,K .M Fe v i

in

Figure 2.4-11: Heat L Fatigue crack growth rate at ecem
temcerature for virgin ano ageo :aterial

O

%

2-41



. . -

*

..

CLASS 3 5 ,.

WESTINGHOUSE PROPRIETARY

,

d
,

'. s.
s

.

4 d. ,

p
4

' '
.{

' *
,

_

.. .

d a / d N - 7,5 '0''c g e j {a*
,

( UPE(R 90Uh0 CESIGN Cuervt\ .!
*en trai=6sas stusts :sl i * #, .* * / /'

7 ** / /
~ '

* ** s/ / 1*'
3. . *

e.( . a/ /- *4 -

. . . *o-

9 . *s .* / / , '

5 *. / /' *
i

5 | / /
* * '

,2 / ,i, . .

/. . .
.%/ / i *g" P / .

~

*/ /
'

.

./ /
'

P.

/

/ /
/* /* o n a no-: un ' t non

4 v e6 awn I =#omca
,

3 A j .

# / /o . , a no : un i aocs mq-

/ o' . ,er=wn i At m : I
'

/e / \

/* = = scarTan aAmo ;

/
i,

s

I
*

108 -
_

t

!,
,

i "O 20 4 *C $C T 8C 00
? .< ; MP:v rn

.

,-

/

#
Figure 2.4-12 Heat L Fatigue crack growtn rate it

,

220 C in air and in :WR envi ronment i . c:m; s

.
.

.

.:)

2-42

..

-



s

WESTINGHOUSE PROPRIETARY CLASS 3

k

1

I
1,

|
- - -a,c,e

I

1

!

!
,

I
f

;

,

.

|

!

:
,

1

|

I
i

'

.

.

.

Figure 2.5-1 Charcy U-Noten Energy at Room Temaerature
~

for Heat L as a Function of Aging at 750 F
(400 C)

'

2-43

_ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _



. _ _ _ _ _ _ _ . .

O

I

,

"J.

U.

+
- 1

I
.

O

u

D
C
L

t

*

=
m
W
7

?_
D

b O
O

a
1C
%C
yD
1.N
=

=

- O
~

.

E?
5h

.a
.J N

9 .J
h@
Q
L Q
U =
'= . -a C
<

.

u~
M N
a -:

a o
>C

-

1L
ao
%u
=w
a<

N
i

$
.

OJ

D
L
=
Q

.

ed.m

'
&

|

2-44

- _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

WESTIt4GHOUSE PROPRIETARY CLASS 3

-
-

| -a,c .
.

.

I a

_

Figure 2.5-3 J-Integral Results of 200 e frem Heat L

2-45

_ _______________________ _______ ___



WESTINGHOUSE PRCPRIETARY CLASS 3

g- -a ,c !'

!

,

.

t

:

i
,

%

.

Figure 2.5 4 J Integral Results at C00 F from Heat L

2-46

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

DESTINGHOUSE PRCPRIETARY CLAJS 3

-n.:.e-
-

a

,

!

!
!

.I
i
i
*.

I
t
;

I

i

1

-

,

w

FIGURE 2.5-5 FIGURE 25 0F SLAMA'S MONTEREY PAPER: HEAT L-
J-da CURVES AT DIFFERENT TEMPERATURES. 2GED . VATER:AL
(7500 HCURS AT ACO C)

i

2-47

- - _ _ _ _ _ _ _ _ _ _



-. _ _ _ _ _ _ _ _

WESTINGHOUSE PROPRIETARY CLASS 3

SECTION 3

MECHANISMS OF THERMAL AGING
--

_ -1,c,a

,

_

5337Q:10/121483 3-1
.. . _ _ _ _ . _ _ _ _ _ _ _ .



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.

'ESTINGHOUSE PROPRIETARY CLASS 3

r- ' -1 -

..

|

|

|

|

|

'
,

!

.

.

|

.

.'

_
_

j

53370:10/121483 3-2
.



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

'ASTINGHOUSE PROPRIETARY CLASS 3

+a,c.a

_ _ .

!

i
l

i

i

!

.
_

.

53370: 10/121433 3-3



__.

,

WESTINGriOUSE PROPRIETARY CLASS 2

_ -a,:.e
,

i

i

i

I

|

i
,

!

!

,

h

i

I

.

-J

1-

533 70 : i n /1214fA ... . 3-4



- __

'd!TINGHOUSE PROPRIETARY CLASS 3

(

|
,

,

_

a

Therefore, it may be concluded that the model of Slama, et. al [4] is
censistent with the conclusions of independently cenducted metallurgical
studies of thennal aging behavior. The mechanism of aging is[the -d..,-

precipitation of a chronium r'ch phase,]which occurs 'n the range of cperating
temperatures for pressurized water reacters[(288-316*C),]and also occurs at
temperatures exceeding 400*C, so the data fran acceleratec aging stacies :an
be used to predict the beha? cr at cperating temperatures.~
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SECTION 4

FRACTURE ASSESSENT IN AUSTENITIC STAINLESS STEEL PIPING

4.1 METHODOLOGY

Determination of the ccnditions which can lead to f ailure in stainless steel
must be done with plastic fracture methodology because of the large amcunt of
def ormation accompanying fracture. The state-of-the-art in plastic fracture
prediction is such that several viable methods are available, including:

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

All of these methods include some method of dealing with the stacle cracx
growth which precedes final failure in ductile materials. This suc-critical

extension of the crack is acccmplished by an increasing toughness of the
material, as displayed graphically in the J-integral R curves discussed in the
previous section.
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4.2 EXPERIMENTAL VERIFICATION

Several experiments were canpleted at Battelle Memorial Institute to censicer
this type of l oading, and a prediction method similar in f orm to the aoove
equation was used. The above method accurately acccunts fcr the piping
internal pressure as well as imoosed axial f orce as they affect the limit
monent. [ +a,c,e

T

533 70 :1D/121483 4-2
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I
The prediction equaticn fcr uniform circumferential flaw at ;te insica

diameter is a simplification of the above equaticn where the flaw lengtn 2 is
set at zero, and the thickness is adjusted for the presence of the flaw.

The equivalent prediction for a thrcugh-wall icngitudinally criented flaw was
suggested by Eiber et al. [23), and shewn to be applicable to a numoer of
piping geometries and materials in a sizeable number of tests. Axially flawed
pipes are largely unaffected by imposed bending moments, and the limit
pressure is given by:

Pggg = o t/Rg m

where

[1.2 8 - 1.41 + 0. 8091 - 0.2191 ' + 0.02171 ] :po =g

(curve-fit Ref. [24])

a//RmtA =

crack lengtha =

-

:

,

1

-
_;
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4.4 STABILITY ANALYSIS BASED ON TEARING MODULUS

In addition to the plastic instability methodol ogy detailed earlier in this
section, the stability of flaws postulated in the reacter coolant piping can
also be evaluated by characterisation of the local crack tip benavier. The

bthavior of the' pipe in the crack tip regi en was studied thrcugh the vari cus
stages which can lead to failure, that is crack tip blunting, initiation,
extension and then crack instability. Material characterizaticn is in terms
of the J-integral R curve, and the evaluation of integrity can be acccmolishec
in two stages. The first stage is the evaluation of wnether a postulated flaw
will initiate under the applied loading, based en comparisen with J. .

c
prcperties of the material . The seccnd stage is the evaluaticn or staoility
based en applied and material values of the tearing acculus. The Onecretical
background and experimental validation of the tearing modulus apprcach to
stability of cracked pipes were provided in Reference 26.

_ a,.

i
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.
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1

be 6174 in-lb/in , which exceeds the value of J cr m cast piping atIC'

end of life ccnditions. Theref ore crack initiatien cannot be avoiced uncer
this worst case loading, and the stability of the crack must be evaluated.

The value of applied I was calculated based cn the J-integral calculaticns in
Reference 27, according to the folicwing upper bound equatien prepcsed by
Tada [26]:

* *
app 1 2 g

fm

where:

L = , length of reactor coolar,t hot leg pipe
R mean radius of hot leg pipe=
m

half the angle suotended by the thrcugr-wall crack at tre : entere =

of pipe cross section, (Figure A-1)
T hot leg wall thickness=

ficw stresso =
f

E modulus of elasticity=

angular l ocation of neutral axis, (same as s in Figure A-1)a =

F the axial l oad on the pipe=

F 2 (sin a + cos e)21=

1 (ces a - 2 sin e)y
2 , 7 i si n a * c es el

1 F"Y**Y,b
ef (2x Rt) 3

r~ __
-a,:,e

_ ~
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f SECTION 5

EFFECTS OF THERMAL AGING ON

WESTINGHOUSE SUPPLIED ENTRIFUGALLY CAST

REACTOR COOLANT PIPING

5.1 PRODUCTION AND QUALITY ASSURANCE

Stainless steel reactor coolant piping used in nuclear steam supply systems
must be produced and inspected to ensure certain standards of quality anc
reliability. [

3

unce the pipe is cast, it is inspected and tested thercugnly prior :o Deing
put into service. [ ~

-i

2

533 70:1D/12138 5-1
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|

- [cf pipe at roan temperature, wnile a single nigh temperature tensile test is
done en each heat at 650*F. Several ncndestructive testing procecures as weli
are perf ormed en the finished pipe. Radiography of 100 percent of each pipe';
wall volume is dcne acccrding co ASME Section III, Paragraph N8-2573. Liquic

penetrant examinaticn is ccnducted en all surf aces cf the pipe in accordance
with the ASME Code and G-6 78664. The latter lists several mere stringent
requirements than the Code f or surfaces less than several inches frem the ends
of each pipe. In additi on, the ASME Ccde requires a visual inspecticn f cr
defects such as tears, cracks , and scale, while G-678864 sets maximum

roughness standards for the pipe surfaces. ] All cf these safety-relatec
requirements provide for quality assurance in the finished product.

5.2 END-OF-LIFE TOUGHNESS PREDICTIONS

The thennal aging of austeno-ferritic stainless steel cccurs at reac cr
coolant locp temperatures as a chronium rich phase, alpna prime (2'i,
precipitates in the ferritic phase. The precipitaticn of tne a' stace is _

_esponsible for the hardening and emerittlement experienced by tne steel.r

:

!

6
_

533 a:10/121483 5- 2
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- for 10,000 hours aging at 400*C:
2KCU (dad /cm ) = 52.5 - 2.19 ( Si + Cr + Mo) + 46/ 5 (Eq. 5-1.

- for 30,000 hours aging at 400*C:
2KCU (dad /cm ) = 32.8 - 1.39 ( Si + Cr + Mo) + 60/ 6 (Eq. 5-l

ferrite, as measured by the Schaefer diagram.where 6 =

The first of these equations (5-1) was determined by Slama et. al . [4] to
result in Charpy values equivalent to the minimum Charpy values expecteo
during service for CF8M cast stainless steel. Equation 5-2 was shown to be
applicable to CF8 and CF8A materials. These equations are applicable
regardless of the temperature of operation of the piping (which will of course
be different in the hot and cold legs). Slama et. al. calculated using
time-temperature equivalencies that the aging times at 400*C corresponcing to
the total 32 year service life for CF8M ranged from 13,000 hours for tne calc
leg (290*C) to 34,000 hours for the hot leg (320'C) . In studying the
available data, however, they found that the minimum properties were obtainea
only after 10,000 hours and therefore this time was used. Lifewise, for CF8
(and CF8A) the equivalent aging times at 400'C were calculated to be 30,000
hours for the cold leg and 60,000 hours for the hot leg. Again they found
that the minimum properties were obtained only after 30,000 hours for CF8, so
that time was used in the model, to predict the maximum effects of service.

The models given in equations 5-1 and 5-2 were found to be very good fits of
the available Fischer data, and were tested on the data cotained by Slama,
et al., [4]. The correlation coefficients for the fits were 0.967 for
equation 5-1 and 0.987 for equation 5-2. The stancard deviations were 0.95

2 2dad /cm and 0.57 dad /cm , respectively. The equations were based on the

actual ferrite percentages detemined by Fischer on 15 heats of cast stainless
steel, using magnetic measurement. Slama's verification of the model was
accomplished using the Scncefer diagram values of ferrite content, as normally
reported on material test certificates. The ferrite levels determinec in this

manner were found to be within 1-3 percent of levels determined magnetically
and by quantitative metallography, and the model predicted the behavior of
Slama's additional heats very well. The data base used to develop the model
included ferrite contents ranging from 6-42 percent.

53370: 1D/121583 5-3
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5.3 PLANT SPECIFIC END-0F-LIFE REACTOR COCLANT PIPING TCUGHNESS
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SUMMARY AND CONCLUSIONS
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