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Abstract

This paper presents the results of the fracture mechanics tests performed on this unique cast
austenitic stainless steel CF-8M, naturally aged after 175'000 hours of operation or 20 full
power years. Full thickness 2T-CT specimens were tested at room and operating temperature.
Tensile and Charpy impact tests with U and V shaped notches were also performed. This
paper discusses the effect of operating temperature on thermal aging of the static cast
austenitic steel elbows. These test results are then compared with the fracture toughness
values used in the safety study "Integrity Evaluations of Primary Coolant Loop Piping and
Primary Loop Pump Casing including the effects of Thermal Aging for Beznau Units 1 and 2".

1 Introduction

The Nordostschweizerische Kraftwerke AG (NOK) Beznau Unit 1 Nuclear Power Plant went
into commercial operation in December 1969. Beznau Unit 1 has a Nuclear Steam Supply
System (NSSS) designed and supplied by the Westinghouse Electric Corporation. Due to the
degradation of the Inconel 600 steam generator tubing NOK replaced the steam generators at
the Beznau Unit 1 plant in 1993 after approximately 175'000 hours of operation. During
replacement of the Beznau Unit 1 steam generators NOK also replaced the crossover leg and

hot leg elbows directly attached to the steam generators. The elbows were static castings of
SA 351 CF8M stainless steel.

Recognizing the potential degradation of the fracture toughness of the static casting elbow
material from thermal aging, NOK contracted Westinghouse Electric Corporation to perform
tests on the crossover elbow and hot leg elbow removed from the Beznau Unit 1 plant during
the steam generator replacement. The following tasks were performed:

a) Determine by measurement the ferrite contents and its distribution in the hot leg elbow,
hence the toughness specimens could be taken out of areas with high ferrite content. The

toughness specimens from the crossover leg were machined from the blocks thus specimen
fabrication was restricted to these test blocks.

b) Machining of tensile, Charpy (V-notched and U-notched) impact, and fracture toughness
(2T-CT) specimens.
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c) Testing of the machined specimens from the crossover leg elbow and the hot leg elbow
material.

d) Comparison of the fracture toughness obtained from the above testing with the fracture
toughness values utilized in the LBB evaluation of Beznau Units 1 and 2.
The purpose of the above tasks is:

a) Evaluate the extent of thermal embrittlement.

b) Compare the test results of the hot leg elbow specimens with those of the crossover elbow
to evaluate the affect of aging temperature.

2 Removal of Specimens

Crossover Leg Elbow

Three blocks were cut from the crossover leg elbow. Figure 1 shows the layout of specimens
for Charpy, tensile and 2T-compact tension.

Hot Leg Elbow

Based on the results of ferrite measurements as shown in Figure 2 the areas with high delta
ferrite content (area A and B) were selected for specimens of base material. Figures 3 and 4
show the layout of the Charpy and 2T-CT speciméns. Similarly for weld and heat effected
zone (HEZ). The specimens were taken out of areas with high delta ferrite content.

3 Testing of Specimens

Mechanical property tests of the cast stainless steel elbows from Beznau Unit 1 were con-
ducted at the Westinghouse Science and Technology Center (STC) laboratories. Samples from
both the hot leg elbow and crossover leg elbow were tested.

The testing program included tensile tests, impact tests (both Charpy U-notch and V-notch),
and J-integral fracture toughness tests. All of the tests were performed in accordance with
appropriate ASTM procedures as follows:

Tensile Test - ASTMES
Charpy Impact - ASTME23
Fracture Toughness (Ji) - ASTM E813-88
J-R Curves - ASTME1152-87

Prior to the fracture toughness testing the specimens were fatigued to provide precracks ap-
proximately 0.12 inches in length. The fatigue precracks were grown at a frequency of 15 cy-
cles per second and a final load of 7500 pounds. The specimens were then loaded into a
50'000 pound Istron test frame for final testing. The following table shows the number of
specimens tested vs. temperature for each different type of testing for each elbow.
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Number of Specimens at Test Temperatures

Type of Test Test temperature (°C)

20 50 100 150 200 250 316
Tensile 1 2
Charpy Impact ‘
U-Notch 2 1 2 1 2 2 2
V-Notch
Base Metal 2 1 2 1 2 2 2
Weld 3 3
HAZ 3 3
Fracture Toughness '
2T-CT 1 3

Since ASTM is requesting from its members that both E813-88 and E1152-87 be withdrawn
from ASTM Standards because on March 10, 1996, the ASTM members approved a new
standard ASTM E 1737-96 "Standard Test Method for J-Integral Characterization of Fracture
Toughness". The test results were also interpreted using this new standard. The new standard
covers both the test method for Jic and for J-R curves.

4 Test Results

Ferrite Content

Ferrite contents of the elbow materials were measured for information before and after ma-
chining specimens. Two different instruments were used to measure the delta ferrite content:

a) An Amnico-Brenner Magne-Gage (Catalog No. 5-660, Serial No. 19304)
b) A Hocking Phasec 1.1 Eddy Current Instrument

Ferrite contents measured on the actual piece of heavy wall elbow indicated a wide range of
FN ranging from < 10 to 26. This wide range value is mainly due to the characteristic of non-
uniform distribution of ferrites for static cast products.

Since the main objective of the measurement on the entire surface of the elbow was to locate
an area with the high ferrite contents, the data by eddy current method accomplished its pur-
pose. Therefore, the data measured by Magne-Gate are used for discussion in the report.

The following table shows the ferrite contents of the elbow materials measured on the flat sur-
faces on the machined blocks and mechanical test specimens. The ranges of the ferrite content
in FN for both the crossover leg and hot leg specimens are very close to each other.

Measurements directly form the test specimen also reflects the high ferrite contents of the
block materials, showing a range of 20 to 28 in FN. When in average of the FNs is compared
between the crossover leg and hot leg specimens, it shows the consistency of the same level in
FN (24.9 vs 24.1).
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Ferrite Contents Measured by Magne-Gage Method

Crossover Leg Elbow Hot Leg Elbow
Range/Average Range/Average
Material 23.5-28/25.5 N/A
| Charpy V-notch 21-25.5/23.6 20 -27.4/23.5*
Charpy U-notch 21-25.5/23.4 20 - 28/24.7*
2T CT 24.5 - 28/26.6 19.8 - 28/24.0
Qverall 21 -28/24.9 19.8 - 28/24.1
*) for the readings below the notch only
Estimate of Ferrite Contents Based on Chemistries
C Mm Si Cr Ni- Mo Cr(e)/ | Ferrite
Ni/e %

HT 2035/2 0.05 0.80 0.61 19.80 9.80 278 1.29 14.65
NOK 1 0.034 | 0.75 0.71 20.36 9.89 2.76 1.37 18.26
NOK 2 0.038 | 0.74 0.68 20.41 9.63 2.73 1.38 18.88
NOK 3 0.037 | 0.73 0.69 20.48 9.62 271 1.39 19.35
NOK 4 0.033 | 0.77 0.90 18.09 ]10.61 277 1.18 9.80
HT 2035/2 0.05 0.71 0.36 19.95 93 2.58 1.30 15.15
NOK 5 0.042 | 0.56 0.36 20.00 9.43 2.69 1.33 16.19
NOK 6 0.042 | 0.56 0.36 20.00 9.47 272 1.33 16.15
NOK 7 0.039 | 0.56 0.36 19.99 9.54 2.71 1.33 16.16
NOK 8 -1 0.042 | 0.57 0.35 20.00 9.43 2.70 1.33 16.16

Tensile Properties

As shown in the following table, the tensile properties of the service aged crossover leg elbow
and hot leg elbow increased both the yield and ultimate strength at ambiance temperature of
20°C. The increase in tensile properties at 325°C is considerably less than the increase at
20°C. The results presented below are consistent with those given in the open literature.

Tensile Properties for Beznau Unit 1 Crossover Leg Elbow Heat #2053/2

Specimen Diameter Test Temp. 0.2 Offset Ultimate Total Reduction of
Yield Strength | Elongation in Area
Strength 2.0 in.
. LD. mm/in °C ksi | MPa | ksi | MPa | mm % dia. %
NOK 1 6.42/0.253 |20 3891 1268.3 |95.88 [610.1 {9.25 364 |4.67 [46.9
NOK-2 6.42/0.253 1316 26.34 | 1816 175.03 |517.3 |630 [248 4.88 [422
NOK-3 6.42/0.253 |316 26.46 |182.4 [75.39 [519.8 {6.55 |258 [4.85 |428
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Tensile Properties for Beznau Unit 1 Hot Leg Elbow Heat #2053/2

Specimen Diameter Test Temp. 0.2 Offset Ultimate Total Reduction of
Yield Strength Elongation in Area
Strength 2.0 in.
LD. mm/in °C ksi | MPa| ksi { MPa | mm %o dia. %o
0-1 6.36/0.251 20 39.67 1273.5 {93.50 {644.6 |6.63 {26.1 [485 [41.9
0-2 6.39/0.252 |316 20.63 [142.2 [66.02 1455.2 |7.47 {294 |5.13 |[35.5
0-3 6.36/0.251 {316 25.12 [173.2 [74.02 {510.3 |5.72 {22.5 |5.05 |36.9

Charpy Impact Toughness Properties

Charpy impact properties were tested with two different notch configurations, U-notch and V-
notch. As can be seen in Figure 5, the Charpy impact energy is essentially the same for both
crossover leg elbow and hot leg elbow over the temperature range of interest, 20°C to 325°C.
However, the Charpy V-notch impact energy of the hot leg elbow is slightly lower than cross-
over leg elbow for temperatures between 20°C and 325°C. Which reflect the higher service
temperature of the hot leg elbow. Based on the test results one can conclude that Charpy im-
pact energies are at or near end-of-life levels.

Fracture Toughness Properties

The fracture toughness test data obtained using almost full thickness 2T-CT specimens is in-
terpreted in accordance with the ASTM standards E813-88, E 1737-96 and Westinghouse
criteria (pJic). Westinghouse has tested a large number of specimens as a part of joint EdF,
CEA and Framatome four party testing program and another program with JAPEIC and Mi-
tsubishi Heavy Industries. The test results indicated that experimental blunting lines were not
even close to having a slope of 2 o, (E813-88), the actual tested slopes lie somewhere be-
tween 5 to 6.5 times Gy, where oy is the actual yield strength. In the following table the frac-
ture toughness values using ASTM standards E813-88, E 1737-96 and Westinghouse criteria
plic are listed. It is interesting to note that at least in the case of Nuclear Power Plant Beznau
Westinghouse criteria calculates lower bound values.

>

Fracture Toughness Jic, pJic for Beznau Unit 1 Crossover Leg and Hot Leg

Piping Leg Test Tempe- E813 E1737 plcd

rature °F IM) M) M)
NOK-1 X-Over RT 1065 (2) 897(3.72) | 872 (499
NOK-2 X-Over 600 2934 (2) 2277 (3.93) 1945 (5.633)
NOK-3 X-Over 600 2613 (2) 2264 (3.17) 11310 (4.975)
| NOK-4 X-Over 600 2814 (2) 2467 (2.38) | 1527 (6.146)
NOK-5 Hot RT 1415 2) 1471 (1.93) | 1118 (4.858)
NOK-6 Hot 600 2775 (2) 2341 (3.21) | 2340 (5.065)
NOK-7 Hot 600 2480 (2) 1937 (3.95) | 1767 (5.046)
NOK-8 Hot 600 3207 (2) 2311 (4.00) | 1857 (5.305)

S Leak-Before-Break Analysis of Primary Loop Piping

Recognizing the potential degradation of material toughness, resulting from thermal aging, the
Hauptabteilung fiir die Sicherheit der Kernanlagen (HSK) had requested Nordostschweize-
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rische Kraftwerke (NOK) to evaluate the effect of thermal aging on the integrity of the
primary loop piping systems in Beznau Units 1 and 2. The primary loop piping material for
Beznau Units 1 and 2 is forged stainless steel, SA376 TP316. The elbows are made out of
SA351 CF8M material which is cast stainless steel.

NOK contracted Westinghouse to perform a safety study to demonstrate primary loop integ-
rity including the effects of thermal aging in accordance with the criteria and recommendation
proposed in NUREG 1061.

The flaw stability criteria performed for the analysis examined both the global and local stabil-
ity for a postulated through-wall circumferential flaw. The global analysis was carried out us-
ing the plastic instability method, based on traditional plastic limit load concepts, but account-
ing for strain hardening, and taking into account the presence of a flaw. The local stability cri-
terion was based on the J integral-tearing modulus (J-T) approach.

Using Westinghouse lower bound material properties (Heat L), the safety study demonstrated
the integrity of thermally aged Beznau loop piping for circumferential as well as longitudinal
through wall cracks.

The material values used in the leak-before-break analysis (Heat L) were later compared with
the test results. It can be seen that the values used in the analysis are far more conservative
than the experimental results.

Values (40 years) at 600°F Test results (600°F)

used in the LBB analysis

Je = 750 in-Ib/in Je = 1768 in-lb/in? (min.) for the hot le

Tt = 60 : Toat = >200 for all the tests :

Jme = 2200 in-lb/in® Je = 1310 in-lb/in’ (min.) for the crossover leg
Tamat =  >200 for all the tests

Figure 1  Charpy and Tensile Specimen Layout from the Crossover
Leg Elbow ' Block Heat 2035/2
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Figure 2 Fggzi;t/t‘az Measurement Locations on the Hot Leg Elbow Heat
2
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Figure 3  Layout of Charpy Base Material Specimens from the Hot
Leg Elbow Heat 2053/2
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Figure4  Layout of 2T-CT Base Material Specimens from the Hot
Leg Elbow Heat 2053/2

FigureS  Charpy Impact Properties
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