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ABSTRACT

I
Although cast stainless steels have excellent properties in the as-
received or pre-service condition, significant degradation of the
properties, principally fracture toub ness (J R curve), can occur afterh
extended exposure to elevated temperatures typical of service

,

conditions.

The NRC is sponsoring work to study the significance of in service
embrittlement of thermally aged, cest stainless steel. This report
sunnarizes the results of tensile and J R curve tests of commercial
and experimental heats of these steels. The materials were supplied
by Argonne National 1,aboratory ( ANL) , who have conducted
microstructural studies to identify the degradation mechanisms.;

J The loss in Charpy V upper shelf energy can be quite large, up to 57%
for aging at 450 C for 9980 h. The decrease in fracture toughness,
specifically J 1evels on the J R curve, can be even more severe, with
a reduction of 754 in some cases.

!

Data from this study are accessible through the NRC's Piping Fracture
, Mechanics Data Base (PIFRAC), an on line system available at MEA.
|
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FOREWORD

I

The work reportet here was performed at Materials Enginaering .[ *
Associates (MEA) under the program Structural Integrity of Water
Reactor Pressure Boundary Components, F . J . Lo s s , Program Manager.
The program is sponsored by the Office of Nuclear Regulatory Research
of the U. S. Nuclear Regulatory Cottmission (NRC). The technical
monitor for the NRC is Alfred Taboada. ,

Prior reports under the current contract are listed below:
. .

1. J. R. Hawthorne, "Significance of Nickel and Copper to Radiation
Sensitivity and Postirradiation Heat Treatment Recovery of
Reactor Vessel Steels," USNRC Report NUREG/CR 2948, Nov. 1982. W

2. "Structural Integrity of Water Reactor Pressure Boundary Compo- .

nents, Annual Report for 1982," F . J . Lo s s , Ed., USNRC Report f'" -
NUREC/CR 3228, Vol. 1, Apr. 1983.

.

3. J. R. Hawthorne, "Exploratory Assessment of Postirradiation Heat
Treatment Variables in Notch Ductility Recovery of A 533 b
Steel," USNRC Report NUREG/CR 3229, Apr. 1983.

4. W. H. Cullen, K. Torronen, and M. Kemppainen, "Effects of
Temperature on Fatigue Crack Crowth of A 508 2 Steel in LWR
Environment," USNRC Report NUREC/CR 3230, Apr. 1983.

,

,

5. "Proceedings of the International Atornic Energy Agency
Specialists' Meeting on Suberitical Crack Crowth," Vols. 1 and
2, W. H. Cullen, Ed., USNRC Conference Proceeding NUREG/CP 0044,
May 1983.

6. W. H. Cullen, "Fatigue Crack Crowth Rates of A 508 2 Steel in
Pressurized, High Temperature Water," USNRC Report
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1. INTRODUCTION

While the preservice properties of cast duplex stainless steels make
them an excellent choice for use in nuclear power plant applications,
the mechanical properties of such steels have been found to degrade
substantially in some cases af ter extended exposure to elevated tem-
peratures (Ref. 1 4). Previous work in this regard has been carried
out using temperatures above 400'C, with at best Charpy V notch (C )y
specimens used to assess the embrittlement. As a part of ongoing work
for the U. S. Nuclear Regulatory Commission's (NRC) Office of Nuclear
Regulatory Research, Argonne National Laboratory (ANL) investigators
are studying the significance of in service embrittlement of cast
duplex stainless steels under light water reactor operating conditions
(Ref. 5'9). ANL is using microstructural studies to identify the
mechanism (s) of embrittlement, with C , tensile, and fracture tough-y
ness (in this case J R curve) tests to assess the extent of embrittle.
ment. The tensile and J R curve data permit the assessment of the
significance of the embrittlement to safety margins under postulated
flaw or loading conditions. While safety margins for the "preservice"
material properties are thought to be quite high, assessments of the
extent of the embrittlement (in terms of degraded properties) for
actual material under typical service conditions is required to assure
that sufficient safety margins are available in commercial plants.

ANL hs.s studied 19 experimental heats and 6 commercial heats, with
specimen blanks aged at temperatures from 290*C to 450'C for times up
to 50,000 h. Within and in cooperation with the ANL program,
Materials Engineering Associates, Inc. (MEA) has performed tensile and
J R curve tests of some of the heats under study at ANL. This report
addresses the results of the MEA work.

I

i

I

_ _ _ _ _ _ _ _



i

t

|
2. MATERIALS AND AGING CONDITIONS

Specimens were provided by ANL to MEA from four comercial heats and
three experimental heats. An additional commercial heat was obtained
independent of ANL. Details on each heat are given in 'lables 1 to 8.

The commercial heats are from two heats of centrifuga11y cast pipe
(L ats P1 and P2), and single heats from a pump casing ring (Heat C1)

| and a pump impeller (Heat I). The last heat is from a research pres-
l sure vessel, made from centrifuga11y cast rings (Heat ZP18). Heats P1

and C1 represent CF8 grades, whereas Heats P2 and I represent CF3
grades and Heat ZP18 represents the CF8A grade. Heat C1 has the

! lovest ferrite content at - 24, with Heats P2 (- 14.5%), ZP18 (17.4%),
I (- 17.7%) and P1 (- 23.5%) following in ascending order. Heats C1
and ZP18 were tested in the as received condition only.

The experimental heats (Heats 68, 69 and 70) were m:ce as static cast
slabs, consistent with specification SA 351. itcat 68 represents the

I CF8 grade, Heat 69 the CF3 grade and Heat 70 the CF8M grade. The
ferrite contents are all quite high, from 18.9% (Heat 70) to 23.6%
(Heat 69),

l

Table 1 Information on Commercial Heat P1"
(Specification: SA 451 C(P)F8 Product Form: Centri-
fugually Cast Pipe, 890 mm diameter x 63.5 mm wall)

Chemical Composition (Vt. 4) from Product Analysis

C Mn P S Si Ni Cr Mo N

I.D.b 0.040 0.61 0.024 0.012 1.17 8.20 20.60 0.04 0.060
0.D b 0.032 0.56 0.028 0.014 1.07 8.00 20.38 0.04 0.053
c- 0.034 0.62 0.023 0.018 0.95 7.68 20.87 0.03 0.051

Hardness: I.D. 85.3 Rockwell B
0.D. 84.5 Rockwell B

Ferrite Content: 1.D. 19.54
(Measured) 0.D. 27.64

Description of Crains: Equiaxed

* All information courtesy of ANL
b

I.D. - Inside Diameter; 0.D. - Outside Diameter
e MF.A analysis of fracture toughness specimen P1T-614, from the pipe 0.D.

2
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8Table 2 Information on Commercial Heat P2
(Specification: SA 451 C(P)F3 Product Form: Centri-
fugually Cast Pipe, 930 me diameter x 73.0 mm wall)

,

Chemical Composition (Wt. 4) from Product Analysis
'

C Mn P S Si Ni Cr Ho N

bli 0.028 0.84 0.021 0.006 1.01 9.66 20.14 0.11 NDc
b

C 0.029 0.83 0.017 0.005 0.98 9.54 20.23 0.11 NDc
1.D.d 0.019 0.75 0.018 0.006 0.95 9.51 20.20 0.16 0.040
0.D.d 0.020 0.72 0.019 0.005 0.92 9.24 20,20 0.16 0.041
e- 0.028 0.78 0.019 0.001 0.84 8.90 20.87 0.14 0.034

Hardness: I.D. 85.1 Rockwell B
0.D. 82.4 Rockwell B

Ferrite Content: I.D. 13.24
(Measured) 0.D. 15.94

Description of Crains: Equiaxed
-

* All information courtesy of ANL
Vendor amlysis with H - Hot or pouring end; C - Cold or opposite end

C Not Determined
d
ANL analysis with I.D. - Inside Diameter; 0,D. - Outside Diameter

* MEA analysis of fracture toughness specirnen P2T 51f, from the pipe 0.D.

n
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|
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Table 3 Information on Commercial Heat I"
(Specification: SA 351.CF3 Product Form: Static.
Cast Pump Iapeller)

Chemical Composition (Vt, 4) from Product Analysis

C Mn P S St Ni Cr Mo N

vanes 0,019 0.47 0.025 2.011 0.82 8,65 20.14 0.45 0.032 d

Shroud 0,020 0.47 0,036 0.012 0.82 8.64 20.34 0.44 0.029
Hub 0.015 0.48 0,033 0.012 0.84 8.84 20,20 0.46 0.028
.b. 0,034 0.50 0,030 0.016 0,68 8,50 20.35 0.45 0,027

Hardness: Vanes 81.7 Rockwell-B
Shroud 78.1 Rockwell B
Hub 81.0 Rockwell.B

Ferrite Content: Vanes 17.24
(Measured) Shroud 16.9%

Hub 19.1%
a

Description of Crains: Mixed columnar and equiaxed
|

|

All inf raati n e urtesy f ANL
b !EA analysis of fracture toughness specimen 12114, frors the shrcud

Table 4 Information on Commercial !!aat C1"
(Specification: SA 351 0F8 Product Form: Static.

j Cast Pump Casing Rios, 600.nm diameter x 57,2 mm wall)

Chemical Composition (Vt. 4) from Product Analysis

C Mn P S Si Ni Cr Mo N

1.D b 0.042 1.22 0.030 0.008 1.1) 9.42 18.89 0.F5 0,040
0.D.b 0.036 1,22 0,036 0,008 1.19 9,32 19.10 0.64 0.041

.

Hardness: 1.D. 78.3 Rockwell B
0.D. 80.6 Rockwell b

Ferrite Content: 1.D. 2.34
(Heasured) 0.D. 1.7%

" All information courtesy of ANL
b

I.D. - Inside Diameter 0.D. - Outside Diameter

4
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Table 5 Information on Commercial Heat ZP18
(Specification: SA 351 CF8A Product Form: Centri-
fugually Cast Ring, 813 mm diameter x 57 mm vall)

Chemical Composition (Vt. t) from Product Analysis

C Mn P S St Ni Cr Co

|

0.06 0.68 0.02 0.02 1.17 8.58 20.42 0.07

Ferrite Content: 17.44
(measured)

|

|

|

8Table 6 Information on Experimental Heat 68
(Specification: SA 351 CF8 Froduct Form: 76 mm
thick slab, cast flat)

Chemical Coaposition (Vt. 4) from Product Analysis

C Mn P S St Ni Cr Co N

0.05 0.67 0.018 0.013 1.13 8.08 20.85 0.06 0.062

Hardness: 84.6 Rockwell B

Ferrite Content: 23.44
(Hessured)

Description of Craias: Mixed columnar and equiaxed

* All information courtesy of ANL

,

5
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Table 7 Information on Experimental Heat 69"
(Specification: SA 351 CF3 Product Form: 76 mm
thick slab, cast flat)

Chemical Composition (Vt. 4) from Product Analysis

C Mn P S Si Ni Cr Jo N

0.021 0.62 0.011 0.007 1.10 8.54 20.49 0.027 0.027

Hardness: 83.7 Rockwnll B

Territe Content: 23.6%
(Measured)

Description of Crains: Mixed columnar and equiaxed

* All informs *,aon courtesy of ANL.
1

|

|

| Table 8 Information on Experimental Heat 70

| (Specification: SA 351 CF8M Product Form: 76 mm
thick slab, cast flat)'

Chemical Composition (Wt. t) from Product Analysis

C Mn P S Si Ni Cr Co N

0.066 0.55 0.72 9.01 19.17 0 049

Hardness: 85.8 Rockwell B

Territe Content: 18.9%
(Measured)

Description of Crains: Mixed columnar and equiaxed

* All information courtesy of ANL

6
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Specimen blanks were aged prior to final machinin5 of the specimens.
Aging times were 3,000 h and 10,000 h, with aging temperatures of
350 C, 400'C, and 450*C (Table 9). Aging time and temperature is
specified for each specimen in the appropriate sumrnary table.

Table 9 Sumary of Aging Conditions

lleat ID* Grada Aging Terrperature

350'C 400'C 450*C

(3000 h) (10000 h) (3000 h) (10000 h) (3000 h)

C1 Cn - - - - .

ZP18 CF8A - - - - -

I CD X - - --

P1 CF8 XX ---

P2 CF3 X X X --

68 CF8 X XX --

69 CF3 X XX --

70 CitM X XX --

* Virgir (unaged) specimens were tested from each heat.

7
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3. TENSILE TEST AND DATA ANALYEIS PROC 1'DURES

Tensile test data are uaed to analyze J.R curve data (using strength
results) and to aisess safety margins in structures (using stress.
strain data). In this work, tensile specimen tests were designed to
provide data matching the loading plane orientation, test tenperature,
and aging conditions of the J.R curve tests.

Applicable ASTM Standards E 8 (Standard Methods of Tension Testing of
Metallic Materials) and E 21 (Standard Recommended Practice for
Elevated Temperature Tension Tests of Metallic Materials) were
followed in til cases.

3.1 Tost _ Specimen

The tensile specimen design used is a subsized specimen machined from
a C specimen blank. As indicated in Fig. 1, the specimen designy
utilized a circular cross.section with a diameter of - Sol mm
(0.2 in.), with threaded ends for gripping purposes.

3.2 Test procedure

Tensile tests were performed in a servohydraulic test frame, with a
maximum loading capacity of 89 kN (20 kips). A contacting axial
extensometer was used for continuous measurement of strain, with an
initial gage length of 12,7 mm (0.5 in.) typically used. On some
specimens, punch marks with a spacing of - 20 mm (- 0.8 in.) were used
to assess total elongation af ter each test. The remaining specimens
used the extensometer attachment marks for total elongation evalua.
tion, The latter represents a non standard measurement.

Load and axial displacement data vere digitized using digital volt.
meters and stored en floppy disks using a desktop computer. An anale.g
trace of load vs. extensometer displacement was made for each test.

Elevated temperature tests at 290'C (-550'F) were conducted with iden.
tical hardware to that used for ambient temperature tests. To achieve
the test t empe ra ta.re , a forced air recirculating furnace vus used to
enclose the specimen and grips. Thermocouples were mounted on the
specimen above and below the extensometer, with monitored temperatures
within i 2*C of the target temperature in most cases.

3.3 Data Analysis Procedures

Engineering stress ( E) and strain (sp) were calculated from the
initial gage diameter and length, respectIvsly, as given by:

E* (1)O

8
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D = .200 * .001
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2 3

DIMENSIONS IN INCHES

1 in. = 25.4 mm

Fig. 1 The tensile specimens were machined from Charpy-V specimen
blanks. The gage diameter is ~5.1 m (0.2 in.).
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where P is the applied load, A is the gage section area given

by wr,2 (where
o

r is the initial gage section radius), dL is the i

extensometer di placement and t is the initial extensometer gageo
length.

Because of necking, true stress strain values are calculated from |
'measured load and extensometer displacement up to maximws load only;

the final gage diameter and radius of curvature (of the necked region)
are used to obtain values of true stress strain at fracture. Up to

maximws load, true strain (<T) is calculated from:

1

v. - LOG, (tE * l) I'1)
7

!

whereas true stress (oT) is calculated from:
1
1 >

T E ('E * 1) (4)o ~#

,

i based on assumptions of constant volume (i.e., incompressibility) and :
| a homogeneous distribution of strain along the gage length (Ref. 10).

The trua strain at fracture (eff) is calculated from:
f

!

'Tf ~ LOC IA /A ) (5)e o f

2where Ag, the final (measured) gage area, is given by wr Dimensionf.rf is the measured final gage section radius.

The true stress at fracture (o7g) is calculated using a Bridgman e

correction (Ref. 11)* I

.

'

Tf ~ I /I^f (1 + 2 R/r ) LOC, (1 + r /2R)] (6)o f g g

i
r

i where P is the load at fracture and R is the measured radius of curv- ;

j ature of the necked region. This correction, from a mathematical l

I analysis, adjusts the average axial stress to account for the intro- [
duction of transverse stresses. The following assumptions were made j

for the Bridgman correction (Ref. 10): j

(1) The contour of the neck is approximated by the arc of a circle. !

(2) The cross section of the necked region remains circular through-
[

| out the test. j
l f

| 10

: :
:
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; (3) The von Mises' criterion for yielding applies. |
1 (4) The strains are constant over the cross section of the necked 1

region.

*

With these cast stainless steel specimens, the gage section tended to f
j "orange peel", with a lumpy, irregular surface remaining af ter fraq.

ture. This result is due to the large grains within the cast duplex |
| stainless steels, relative to specimen dimensions. In addition, the

|; fr.acture cross section tended to be quite irregular instead of the i

near circular section one would expect to see with carbon or low alloy !-;

steels. These two characteristics make evaluation of rg (the final !,

l gage section radius) and R (the radius of curvature of the necked [
j region) very difficult, with attempts at consistent evaluation of i

average values made in all cases. These characteristics also are
cause for questioning the applicability of the true stress. strain ;;

| equations used, given their simpitfied assumptions on strain distribu. !
1 tion and incompressibility.
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4. FRACTURE TOUGMNESS TEST AND DATA ANALYSIS PROCEDURES

The fracture toughness data were evaluated using elastic plastic frac.
ture mechanics methodology, specifically the J integral and the
J resistance or J.R curve. Applicable ASTM Standards E 813 (Standard
Test Method for J a Measure of Fracture Toughness) and E 1152
(StandardTestMethPdforDeterminingJRCurves)werefollowedinall

,

cases.

4.1 Test Specimen and Preparation

The fracture toughness tests were accomplished using 25.4.eas (1.in.)
thick compact tension (CT) specimens of a IT plan cize. The CT spect.
men design (Fig. 2) is similar to the ASTM E 399 specimen in overall

| dimensions, with an enlarged notch region consistent with ASTM E 813
| and E 1152 to pernit measurement of load line displacement (see
| discussion in Section 4.3) . For such measurements, razor blades are

! screwed onto the specimen along the load line.
|

| Af ter machining, fatigue precracks were introduced into the specimens
via cycling at load levels within the linear elastic range. To
facilitate crack initiation from the machined notch, the specimens
were compressed to a load level of 12.9 kN (2.9 ksi) prior to fatigue
cyclin 5 Fatigue cycling was then over a load range from 12.9 kN
(2.9 ksi) to 1.3 kN (0.3 ksi), with crack length monitored visually.
The target final (surface) crack length to width (a/W) ratio was
0.5. At the end of precracking, K,,x was - 22 Mpa/m (20 kst/in.).

After precracking, all specimens were side grooved by 20% of the total
specimen thickness B, 10% per side. The resultant net specimen thick.
ness (B ) was then equal to 0.8 B. Side grooving is used to promoteg
uniform (straight) crack growth during testing and to give lower hound
J.R curve levels. The straight crack growth improves the performance
of the compliance method used for esti m ing crack growth during test-
ing, and indicates a closer tendency *:owards generalized plane strain
across the crack front.

4.2 Test Procedure

The JR curve tests were performed using a servohydraulie test
frame. The load cell used in all cases had a maximum load capacity of
111 kN (25 kips).

An analog trace of load vs. load line displacement was nade in each
case, land and displacement data were digitized using digital volt.
meters and stored on floppy disks using a desktop computer. This
system simplified post test analysis and correction of the test data.

The test procedures used are in general conformance with ASTM E 813
and E 1152. Specifically, the single specimen compliance, or SSC,
procedure was used. A complete description of this procedure, as used
by MEA, is given in Reference 12,

12
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After each test, the specimen was heated in excess of 316'c to promote
oxidation of the exposed fracture surface, i.e., to heat tint the sur-
face. Once the specimen had returned to near ambient temperature, the
specimen was fatigue cycled to failure (using a maximum load level no
more than 80% of the final test load), exposing the fracture sur-
face. The specimen initial (precrack) and final (test) crack lengths
were measured directly from the fracture surface 'ising an optical
measurement system. This system consists of an X Y micrometer slide
assembly and a magnifying eyepiece. The crack lengths were evaluated
uging the 9/8 averaging technique, in which the two norr surface sea-
surements are averaged together, with the readtant value averaged
with the other seven measurements.

4.3 Data Analysis _ Procedures

A detailed description of the data analysis procedures used are given
in Appendix A. A brief sweencry is given here.

As mentioned previously, the compliance method has been used to
determine crack length during the testing of each specimen. The
Hudak Saxena calibration equation (Ref. 13) is used to relate the
measurements of compliance on the specimen load line to crack
length. Both rotation (Ref.14) and modulus corrections are made to
the compitance data; these are described in detail in Appendix A.

The J int 3gral values reported here have been evaluated using the
modified form of the J integral Jg (Ref. 15), instead of the deforma-
tion theory J. J , as specified for use in ASTM Standards E 813 81 andD
E 1152. The severe validity criteria associated with J Y""d'T J *RD D
curve evaluations virtually useless for application to structural
stability determinations, primarily due to limits on crack exten-
sion. Evaluation of J R curves for different sizes of CT specimensD
have demonstrated specimen size dependence as well. Modified J is
used here because it has been shown to be specimen site independent
under greatly relaxed validity requiremen* *, with auch greater crack
growth increments yielding acceptable resulta.

The J integral does have certain validity criteria associated with it,
generally to ensure that a region of "J dominance" exists. The
primary criteria for "J dominance" include:

9- >> 1 (7)

Aa < (0.06 or 0.1) b, (8)

J < min (b,B) og / (15, 20, or 25) (9)

The v criteria (Eq. 7) is from Hutchison and Paris ( Re f . 16 ) , with a
critical u value of 5 normally suggested. The Aa liait of 0.06 was

14
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!
!

suggested by Shih (Ref.17), while ASTM E 1152 uses a limit of 0.1.
The J limits can be found variously in ASTM E 813 81 and E 1152, with f

E 813 81 specifying the factor of 25 for J7e validity and 15 for data ,

'
used to determine Jge, whereas ASTM E 1152 specifies 20 as an upper
limit on J evaluation.

,

,

'

A typical J.R curve is tilustrated in Tig. 3. The J.R curve format is
,

in accordance with that of ASTM E 813 81. The line emanating from the |
'

1 origin, called the blunting line, is given by J - 2a,Aa, where og is '

4 the flow strength (the average of the 0.24 offset yib1d strength and ;

! the ultimate strength). The exclusion lines are constructed parallel i
1 to the blunting line, but offset by 0.15 mra (0.006 in.) and 1. 5 ms |

) (0.060 in.). '

ge under a heading of "ASTM" ere evaluated by |Tabulated values of J
j ASTM E 813 81 procedures, whereby a straight line is fit to the test !
) data between the 0.15 ma and 1.5.ms exclusion lines. This line is '

I! extrapolated back to the blunting line; the intersection is termed
*J. Jg Ie equals Jg if various validity criteria are satisfied. In the

present investigation, the overall (small) specimen sizes and the teet i
'

1 materials (i.e., lov strength and high roughness) preclude determina.
tion of J

-

ge values valid per ASTM E 813. j

I In the power law evaluation of the J.R curve data, an equation of the I

! form J - C Aa" is fit to the data between the exclusion lines, l
(These values of C and n are given in the tabulated results. ) The,

i power lav J, (tabulated under a heading "MEA") is defiled as theg

I intersection of the power law curve with the 0.15 mm exclusion line, [
Previous experience has shown that the power lav definition of J'

ge ,

tends to give values nearly equivalent to the ASTM E 813 81 values for
lov alloy (ferritic) steels.

,
.

T. is used to characterize the tearing rests. f! The tearing modulus, 3
{ tance of structural materials. T in given byg

1 i

(10)T -
g

f;

I where d3/dm is the slope of the J.R curve. Since the J.R curve
j generally conforms to a power law, the value of Tg changes (decreases) !

i with increasing crack growth. For comparison purposes, average values ;

; of T ,
torne't T,y[e,s typically are used. The "ASTM" T,yE value (as |g

u the slope of the linear fit curve as dJ/da; the !| defined by MEA)
value is determined frors a fit of the power law to a [l ' MEA"

T,y$1ne, defining dJ/d4 as an average slope evaluated in a ;straight

j closed form manner (see Appendix M of Ref. 12). i
;4

4 In the data tabulations , Aa, represents the optically measured crack j

| growth and Aa Aa, represents the difference between the measured.

E
j crack growth and that predicted by the unloading compliance method

(aa ). !p
:

} t
,

is j

1

I:
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5. RESULTS FOR COMMERCIAL 11 EATS

As described in Section 2, the commercial heats of cast stainless
steel include two henta of centrifuga11y cast pipe (Codes P1 and P2)
and single heats from a static-cast pump impeller (Code I), a static-
cast pump casing ring (Code C1) and a centrifuga11y cast ring (Code
ZP18). The pump casing ring and the centrifuga11y cast ring heats
une tested in the "unaged" condition only. Code C1 had the lowest
ferrite content (2%), considerably lower than the 14.5% to 23.5% of
the other four heats. In terms of C impact energy, average "uppery
shelf" energy levels (C USE) are summarized in Table 10. (Thesey
values are provided for reference purposes only to demonstrate
thermal aging effects and relative notch ductility levels.) In

general, these materials demonstrate considerable variability at a
single temperature. On the upper shelf, Charpy V energy levels tend
to be invariant with test temperatures, albeit considerable
variability does occur.

For the CF8A grade material (Code ZP18), C data are summarized iny
Table 11 for four orientations at 25*C and 288 C. Figure 4
illustrates the variation of C energy with through thickness locationy
in the ring. No consistent trend is apparent for the midthickness or
the surface yielding high or low values. The L R and C R orientation
do give tha name overall trend at 25 C and 288*C, although the 'R,
orientation indicates higher toughness when progressing from the out-
side diameter to the inside diameter and the C R orientation indic
lower toughnesa for the same through thickness progression.

5.1 Tensile Data

In tern s of tensile propertius, the embrittlement of the cast stain-
less steels generally resulted in higher strength and lower ductility.

From average yield and ultimate strength levsis at 25 C and 290'c
(Table 12), the CF8A heat hao the highest yield ctrength at 25*C and
the highest ultimate strength at 290'C (Fig. 5). At both tes;

temperatures, static cast CF8 liea t C 1 hu, the lowest yield ard
generally the lowest ultimate strengths. The ambient temperature
yield strength for this heat is even below the ASME specification of
205 MFe. In contrast, the centrifuga11y ast CF8 pipe (Code F1) has
cuite high strength levels. Likewise, the CO grades demonstrate no
agreement, with static cast iteat I yielding higher (average) strength

cast 11 eat P2 in all cases. Increas'ng the
than centrifuga11y,Clevels

temperature from 25 to 290*C results in lower strength levelstest
in all cases. A slight orientation effect is evident for the CF8A
heat only.

17
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Table 10 Average Charpy "Upper Shelf" Enorgy Levels for
Commercial Heats of Cast Stainless Steel

|

Heat Crade Aging Condition Average Energy Average
Value Reduction

Temp Time
2(*C) (h) (J/cm ) (g)

.

2P18 CF8A Unaged --- --

(C-L)a 304 ---

(L C)* 371 - --

(C R)a 298 --

(L R)a 310 ----

bCi CF8 Unaged 93 -- -

bI CF3 Unaged 180 ---

350 9980 152 16
bPi CF8 Unaged 242 --

350 9980 250 (3)c
400 9980 133 45

bP2 CF3 Unaged 371 ----

350 3000 354 5
350 9980 334 10
400 9980 159 57

8 Orientation per ASTM Standard E 399.
b Data from ANL.
c Average energy increased.

1

r

18



Table 11 Charpy V Data for Code ZP18 (Centrifuga11y Cast Stainless
Steel Ring, SA351-CF8A)

Absorbed Energy (J)
Test. Thickness

Temperature Location L-C" C-La L-R" C Ra
( C)

22125 ID 270 221 ---

b0.7T 241 255 270 228
0.4T 293 241 254c 244
OD 340 249 247 250

206288 ID 315 230 --

b239 255 2400.7T --

0.4T 309 230c--- ...

OD 308 267 233 282

8 Orientation per ASTM Standard E 399.
b 0.75T
c 0.5T

19
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Table 12 Surunary of Strength Data for Aged Cast Stainless Steels
(Consnercial Heats)

Heat Orientation" Agin6 25*Cb 290*Cb j

ID Condition
Yielde Ultimate Yielde Ultimate

(*C/h) (MPa) (MPa) (MPa) (MPa)

ZP18 L Unaged 267.8 -558.1 154.2 438.7
(CF8A) C Unaged 305.1 618.2 150.9 457.9

C1 L Unaged 192.4 520.0 123.5 359.3
(CF8)

i

I L Unaged 251.g 571.6 168.8 399.6
(CF3) 350/10000 +194 +114 +11% +5%

P1 L Unaged 248.5 584.7 157.5 433.5<

(CF8) 350/10000 +13% +94 +134 +5%
'

400/10000 +15% +16% +3% +12%

C Unaged 245.3 582.2 152.7 423.2
350/10000 +106 +5% +184 +74
400/10000 +16% +136 +104 +194

"

P2 L Unaged 211.5 549.3 141.0 396.0
4 (CF3) 350/3000 +18% +8% +144 +5%

350/10000 +25% +11% +94 +6%
,

i 400/10000 +124 +124 +4% +94
C Unaged 227.2 547.5 157.7 396.0

350/3000 +114 +104 -34 +14'

1 350/10000 14 +1%-- ---

| 450/10000 +3% +10% +24 +134

i

a Orientation: L - longitudinal (axial); C - circumferential
Test temperature

c 0.2% offset yield strength
d Percentage change in strength (+ is increase is decrease).

i

!

I

+

.

:
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Cast Stainless Steel Ring (ZP18)
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Fig. 4 Charpy-v data for Heat ZP18 demonstrate uniform energy levels at 25'c and 288*C.
No consistent trend with thickness location is apparent for any of the four
orientations.
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Fig. 5 Comparison of strength le<<els for the commercial heats in the as-received,

1 (unaged) condition. Increasing Sie test temperature reduces the strength
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5.1.1 11 eat ZP18 (CF8A)

For the CF8A grade material (Code ZP18), increasing the test tempera.
ture results in decreases in both yield and ultimate tensile strength
(Fig. 6), as summarized in Table 13. Both orientations have similar
strength levels, although the circumferential orientation has slightly
higher strength in some cases. The absolute decreases in strength are
the same for 0.2% offset yield and ultimate strength over the tempera-
ture interval of -25 C to ~290*C. The largest percentage decrease is
a 50% decrease in yield strength for the circumferential orientation.

5.1. 2 11 eat C1 (CF8)
,

For the pump casing ring (Code C1), increasing the test temperature
(Table 14) resulted in significant decreases in both 0.2% offset yield
(36%) and ultimate strengths (31%). Both elongation and reduction in

_

area decreased significantly also. In comparison to the other commer-
cial heats tested here, the yield and ultimate strengths for this heat
are generally lower than for the other heats at both temperatures.

5.1. 3 11e a t I (CF3)

For the static cast pump impeller (Code I), specimens aged at 350*C
for 10000 h were tested in addition to "unaged" specimens
(Table 15). While there is considerable variability in the results
(Fig. 7), the thermal aging does result in increases in 0.2% yield and
ultimate strengths at both test temperatures. In terms of overall
average values, the percentage increase in 0.2% offset yield strength
due to thermal aging is about twice that of ultimate strength; at
ambient temperature, the percentage increases are about twice those at
290*C.

For the unaged material, increasing test temperature from 25*C to
290 C decreases the strength by 33% for 0.2% offset yield strength and
30% for ultimate strength. These percentage decreases are comparable
to those exhibited by the pump casing ring (lieat C1). For the
thermally aged material, the decrease in yield strength (38%) and the
decrease in ultimate strength (34%) due to increasing test temperature
are slightly greater than those for the unaged material.

5.1.4 lient P1 (CF8)

For the CF8 pipe material (Code P1), specimens aged for 10000 h at
350*C and 400*C were tested in addition to unaged specimens
(Table 16), as illustrated in Fig. 8. For unaged material, both
orientations exhibit similar yield and ultimate strength trends,
although the longitudinal orientation gives slightly higher strengths
in all cases.

As expected, the increases in yield and ultimate strength tend to be
greater for material aged at 400*C as oppcsed to material aged at
350*C. The lone exception to this trend is for yield strength data at
290 C, where the strength for specimens aged at 350*C exceed that from
specimens aged at 400 C by 8 9%. This anomalous behavior was found

23
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Table 13 Tensile Results For Code ZP18 (Centrifugally Cast Stainless Steel Ring, SA351-CF8A)

Specimen Orien- Test True Stress-Strain Engr Stress-Strain Elonga- Reduction Aging Condition
Number tation Temp tion in Area

0.2% Fracture- 0.2% Ultimate Temp Time
Yield Stress Yield Stress

(*C) (MPa) (MPa) (MPa) (MPa) (%) (%) (*C) (h)

CNA-6L L 24 269.2 1747.1 267.8 558.1 40.7a 78.7 Unaged
bCF8A-7L L 149 196.8 1142.9 198.2 472.6 70.6 74.2 Unaged
bCF8A-8L L 149 190.0 987.6 188.5 463.7 59.2 72.2 Unaged

CF8A-5L L 2% 178.6 650.8 178.1 425.8 42.8" 63.5 Unaged
b' CF8A-2L L 288 150.2 837.4 149.7 431.4 56.2 66.4 Unagedj

CWA-3L L 288 159.2 853.0 158.7 446.0 e 66.6 Unaged
CNA-4L L 343 151.0 560.6 150.5 419.8 40.7a 47.6 Unaged

CF8A-6C C 27 307.0 1622.3 305.1 618.2 56.la 75.5 Unaged
CF8A-IC C 149 192.6 1177.9 191.9 470.4 c 64.0 Unaged

bCFSA-3C C 149 181.1 1216.8 180.5 459.1 68.2 79.3 Unaged
CF8A-4C C 204 182.8 851.5 181.7 466.4 48.Sa 71.0 Unaged

bCF8A-8C C 288 151.5 1031.2 151.0 469.1 55.0 74.4 Unaged
DCF8A-7C C 288 152.2 856.1 150.7 446.6 57.0 72.3 Unaged

CF8A-SC C 343 142.4 758.4 142.0 433.5 54.la 57.6 Unaged

a In 18.6 mm (0.734 in.) b In 12.7 mm (0.5 in.) c Specimen broke outside of the gage marks

__ _



Table 14 Tensile Results For Code C1 (Static Cast Stainless Steel Pump-Casing Ring, SA351-CF8)

Specimen Orien- Test True Stress-Strain Engr Stress-Strain Elonga- Reduction Aging Condition
aNumber tation Teg tion in Area

0.2% Fracture- 0.2% Ultimate Temp Time
Yield Stress Yield Stress

('C) (MPa) (MPa) (MPa) (MPa) (%) (%) (*C) (h)

CIA-IL L 25 187.2 955.6 186.2 502.1 54.9 53.9 Unaged

CIA-2L L 25 199.3 775.6 198.6 537.8 49.0, 41.6 Unaged

"o

CIA-3L L 287 125.3 502.9 124.4 363.1 30.1 32.5 Unaged

CIA-4L L 287 123.0 495.6 122.6 355.6 37.7 47.5 Unaged

* In 18.5 an (0.727 in.)

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



. _ _ - . _ . _ _ _ _ - - - _ . _ _ - - -- . _ _ _ _ _ _ . - - . -_ . _ . ~ . - . - . _ -. . . . .-, _ ._._

1

i

. Table 15 Tensile Results For Code I (Static Cast Stainless Steel Pump Impeller, SA351-CF3)

Specimen Orien- Test True Stress-Strain Engr Stress-Strain Elonga- Reduction Aging Condition
,

'! Number tation Temp tion * in Area

0.2% Fracture- 0.2% Ultimate Top Time
Yield Stress Yield Stress

(*C) (MPa) (MPa) (MPa) (MPa) (%) (Z) ('C) (h)

1

Il-IL L 25 265.6 1636.6 264.8 598.8 84.6 79.3 Unaged

11-2L L 25 242.8 1698.4 242.1 583.4 78.4 79.5 Unaged

12-IL L 25 251.7 1274.5 251.0 579.9 77.4 74.3 Unaged
' " I2-2L L 25 258.5 1671 7 257.7 578.1 75.0 80.2 Unaged

| 13C-IL L 25 240.5 1274.8 239.7 517.6 66.2 69.5 Unaged
.

Il-26L L 25 282.3 1897.5 281.3 615.4 60.6 77.4 350 10000

| 11-27L L 25 304.4 1445.0 303.4 644.6 62.2 350 10000b

12-19L L 25 315.9 1296.9 314.7 642.0 72.0 68.4 350 10000
b

i 12-3L L 290 169.7 756.1 169.2 409.2 58.9 Unaged ,

1 -

j 12-6L L 290 179.1 837.8 178.5 402.4 39.4 64.6 Unaged

| 13C-2L L 290 159.1 819.5 158.6 387.3 33.0 66.2 Unaged
b11-28L L 290 193.0 503.0 192.4 381.1 36.0 350 10000

) 11-29L L 290 189.5 780.5 189.0 442.8 34.2 59.7 350 10000

12-20L L 290 179.7 756.0 179.1 437.8 39.0 51.6 350 10000

:

) , In 12.7 mm (0.5 in.)
8

j Specimen broke outside gage length

... . - - _ - . . .. .- . .- . . = . ._,-- -. - . - .
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Fig. 7 Strength data for grade CF3 (Heat I). Thermal-aging results in
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Table 16 Tensile Results For Code P1 (Centrifugally Cast Stainless Steel Pipe, SA451-CF8)

Specimen Orien- Test True Stress-Strain Engr Stress-Strain Elonga- Reducticq Aging Condition
aNu:nber tation Tessp tion in Area

0.2% Fracture- 0.2% Ultimate Temp Time
Yield Stress Yield Stress

('C) (MPa) (MPa) (MPa) (MPa) (%) (%) (*C) (h)

bP11A-1L L 23 1127.3 584.9 57.7 64.0 Unaged
bP13A-1L L 25 249.5 1579.5 248.5 584.5 62.4 72.9 Unaged

P12A-8L L 25 291.4 1625.9 290.5 652.9 C 75.2 350 10000
P12A-9L L 25 272.2 2322.0 271.2 618.0 C 80.2 350 10000y

e P13A-7L L 25 287.2 1429.7 286.3 677.7 68.6 56.4 400 10000
bP13T-1C C 25 1221.5 244.7 584.5 56.5 68.8 Unaged
DP13T-3C C 25 246.8 1206.5 245.9 579.9 54.6 65.9 Unaged

P12T-6C C 25 264.6 1781.6 263.4 608.7 87.2 76.1 350 10000
P12T-SC C 25 277.9 1315.5 276.8 610.8 67.2 58.9 350 10000
P13T-7C C 25 285.9 1351.7 285.0 660.0 46.8 55.8 400 10000

bP11A-2L L 289 160.4 497.0 159.9 442.7 35.5 36.7 Unaged
DP13A-2L L 290 155.7 850.8 155.0 424.4 43.0 67.2 Unaged

P12A-10L L 290 174.2 919.6 173.7 451.3 43.4 62.8 350 10000
P12A-IIL L 290 181.7 823.2 130.7 457.7 42.4 55.8 350 10000
P13A-8L L 290 163.4 881.0 162.8 485.6 35.6 51.0 400 10000

bP13T-2C C 290 149.0 642.2 148.5 408.8 33.3 43.9 dnaged
bP14T-IC C 287 157.8 622.3 157.0 437.5 32.6 46.4 Unaged

P12T-8C C 290 181.7 981.5 180.2 454.2 C 63.4 350 10000
CP13T-8C C 290 167.8 791.0 167.3 502.2 49.6 400 10000

a in 12.7 m (0.5 in.)
b In 18.5 m (0.727 in.)
c

Specimen broke outside gage length

. .
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|

l

for both axial and circumferential-oriented specimens. In each case,
are lower for the specimens aged at 350*C vs.the ultimate streng*ths

those aged to 400 C, consistent with the trend found at ambient
t temperature.
!

| Increasing the test temperature from 25 C to 290'C results in lower j

( strength in all cases, similar to trends for the other heats described

| aoove.

( 5.1.5 Heat P2 (CF3)

For the CF3 pipe material (Code P2), specimens were aged for 3000 h
and 10000 h at 350*C, and for 10000 h at 400'c (Table 17) as illus-
trated in Fig. 9. In this case, the unaged ultimate strength levels,

I are in good agreement for the two orientations, whereas the circum-
ferential orientation has higher yield strength (by - 16 MPa) at each j
test temperature.

iFor the axial orientation, the ultimate strength consistently
increased with higher aging time and aging temperature. The yield E

| strength tended to be unpredictable. At ambient temperature, the
| yield strength did increase in all cases, with the material aged at :

| 350*C exhibiting a consistent trend (i.e., increased aging time gave r

greater strength increases). However, the material aged at 400*C gave ;

lower yield strengths than either of the 350*C aging conditions. At
,

290'C, the yield strength increase is greatest for the material agedi

at the lowest temperature (350*C) for the least time (3000 h).
Material aged at 400*C for 10000 h, which does give the highest !

I ultimate strength incresses, gives the lowest yield strength increase !
at both temperatures. ;

For the circumferential orientation of the CF3 pipe material !

(Code P2), the ultimate strength tends to increase consistently with (
aging time and aging temperature. At ambient temperaturo, the yield j

| strength trends are consistent with those for the axial orientation, !
! whereby aging at 350'c for 3000 h gives a smaller increase in strength !

then aging at 400'C for 10000 h. At 290'C, comparison of absolute !
yield strengths are consistent for the three aging conditions in terms

i of higher aging temperature and aging time exhibiting higher i
strength. However, the specimens aged at 350'c indicate small !

| (< 4 HPa) decreases in yield strength as compared to the results for I

unaged material. The latter trend is inconsistent with that exhibited f
'

for the axial orientation.

Increasing the test temperature from 25'c to 290*C results in [
; decreased strength levels, similar to the trends exhibited by the i

other heats. !

i

6

5.2 J.R Curve Data {
!

The J R curve data described in this report frequently demonstrate two i

characteristics. The initial portion of many curves do not follow the i

ASTM "2ag" blunting line. As well, the crack growth prediction errors
'

!
31 !

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



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

Table 17 Tensile Results For Code P2 (Centrifuga11y Cast Stainless Steel Pipe, SA451-CF3)

Specimen Orien- Test True Stress-Strain Engr Stress-Strain Elonga- Reduction. Aging Condition
a?bober tation Tc=p tion in Area

0.2% Fracture- 0.2% Ultimate Temp Time
Yield Stress Yield Stress

(*C) (MPa) (MPa) (MPa) (MPa) (%) (%) (*C} (h)

bP22A-1L L 25 1G94.5 206.4 561.7 73.7 75.7 Unaged
b

P23A- % L 25 217.5 887.3 216.7 536.9 62.4 75.1 Unaged
P23A-14L L 25 250.1 2783.1 249.2 594.2 73.6 88.5 350 3000
P23A-2eL L 25 266.1 1830.2 265.2 608.5 76.6 78.8 350 10000

CP24A-4L L 25 237.0 2384.4 236.2 616.8 78.0 400 10000v
D" P21T-IC C 25 217.2 1000.4 216.3 538.3 72.6 59.9 Unaged
dP23T-IC C 25 239.0 1568.5 238.1 556.8 106.0 84.4 Unaged
CP22T-4C C 25 255.2 2162.5 252.3 601.8 85.3 350 3000
CP24T-5C C 25 234.3 1268.2 233.5 603.1 68.8 400 10000

P22A-2L L 233 138.7 755.6 137.9 406.8 47.N 65.9 Unaged
bP23A-2L L 287 538.7 144.0 385.1 39.9 59.6 Unaged
CP23A-15L L 2iiO 161.4 900.5 161.0 415.4 69.7 350 3000

P23A-27L L 290 154.5 970.7 154.1 419.4 39.6 72.9 350 10000
P24A-5L L 290 147.0 655.0 146.6 430.6 40.2 53.8 400 10000

DP21T-2C C 290 162.2 819.1 161.3 387.1 44.6 72.2 Unaged
P23T-2C C 287 155.0 688.1 154.2 405.0 42.4b 65.9 Unaged
P22T-5C C 250 154.2 696.5 153.8 399.0 43.0 66.9 350 3000
P21T-8C C 290 156.0 876.2 155.6 423.5 49.8 70.7 350 10000
P24T-6C C 290 160.8 818.5 160.4 447.1 40.2 56.4 400 10000

* In 12.7 m (0.5 in.)
b In 18.5 m (0.727 in.)
c

Specimen broke outside gage length
d In 16.6 m (0.655 in.)

.
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Fig. 9 Strength data for grade CF3 (Heat P2).
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Aa tend to be quite large. Both of these topics are
disEussed$n)
(Aa -

Section 7.1.

Thermal aging generally results in reduced J 1evsis and JR curve
slopes (dJ/da) in comparison to trends for "unaged" material. In
terms of overall trends, the J R curve toughness trends are qualita- |

tively correlated with the C upper shelf energy, with high C USEy y
levels corresponding to higher J-R curve toughness levels. Centri-
fugally-cast forms of the same grado yield higher toughness, for the
CF8 and CF3 heats characterized. On balance, the CF3 grade has higher

'

toughness than the CF8 or CF8A grades, with CF8 yielding the lowest
toughness.

For the CF8 grades, the toughness of centrifuga11y cast Heat P1 is
much higher than that of static cast Heat C1. As indicated in Fig. 10
for the L C orientation at 25*C, the static cast material has lower J
1evels and J R curve slopes at all crack growth increments. Each heat
demonstrates considerable variability. The average J 1evels for the
static cast heat are about a factor of 4 below the average levels for
the centrifuga11y cast heat. Similarly for the C L orientation of the
CF8 grade heats at 25'C (Fig. 11) the centrifuga11y cast heat has J R
curve levels -806 higher than those for the static cast heat. Lastly,

for the LC orientation at 290*C (Fig. 12), the centrifuga11y cast
heat has J 1evels ~80% hi her than those for the static cast heat.6
The variability indicated at 25*C for f.he L C orientation of Heat P1
is reflected at 290'C am well. At each temperature, the higher curve
is from a specimen located at the outside diameter of the pipe, with
the lower curve from a specimen located at the inside diameter of the
pipe.

For the CF3 grade, centrifuga11y cast Heat P2 has higher J R curve
trends than does static cast Heat I. At 25'C for both the LC
(Fig. 13) and C L (Fig. 14) orientations, Heat P2 has J 1evels about a
factor of 2 higher than those for Heat I. At 290*C for the L C orien-
tation (Fig. 15), the J 1evels for Heat P2 are about a factor of 3
higher than those for Heat I.

All of the centrifuga11y cast heats were tested in the LC and C L
orientations at 25'C and the L C orientation at 290*C. For all three !

conditions, the CF3 grade (lleat P2) demonstrates the highest J R curve
levels. For the L C orientation at 25*C (Fig. 16), grade CF8A demon-
strates no significant variability, whereas grade CF8 has significant-
ly higher toughness for the outside diameter as compared to the inside
diameter of the pipe. As a result, the CF8A curves essentially bisect
the CF8 curves in this case. For the CL orientation at 25*C
(Fig. 17), the CF8A grade demonstrates slightly higher toughness than
the CF8 grade. In this case, the single specimen from the heat of CF8
is from tha inside diameter portion of the pipe, which has been shown
to give lower J R curves than does the outside diameter. For the L C
orientation at 290'C (Fig. 18), the CF8 data lie below the CF8A data
up to -5 mm, at which point the higher of the CF8 curves (from the
outside diameter) lies coincident with the CF8A curves. As at 25'C, a'

large difference in toughness is apparent between the inside and
outside diameters of the CF8 pipe. For the CF3 pipe, some differences

I
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are apparent between the inside and outside diameter at both 25'c and i

'

290'C, although in each case one test was terminated after < 4 mm of
crack growth. In contrast to the results for the CF8 pipe, the inside
diameter of the CF3 pipe has (slightly) higher toughness than the

,

: outside diameter,
r

'Similarly for the heats of static cast stainless steel, the heat of
CF3 has higher toughness than the heat of CF8, at both 25"C (Fig.19) I

and 290*C (Fig. 20) for the L C orientation and at 25'C for the CL
290*(C . Fig. 21).

The differences are more pronounced at 25'corientation
Within heat variability is significant only for the1 than at

CF8 grade at 25'C.

5.2.1 Heat ZP18 (CF8A) [

JR curve results for Heat ZP18 are summarized in Table 18. As (
indicated, four different crack plane and growth orientations were ;

,

characterized for this het t. with the L C and C L orientations tested !
at ambient temperature and 149'C, and all four orientations tested at '

{ 288'C. In terms of initiation toughness levels (J7 ), the L R and C R |
1 orien' stions demonstrate lower toughness than the L C and C L orienta- !

tions at 288'c (Fig. 22). Overall the J 1evels for the L R and C R f
,

orientations tend to lie below those for the L.C and C L orientations, I'

although J R curve slopes (and hence tearing modulus values) tend to i.

; be lower for the latter. In terms of structural performance for this

i material, part through cracks in the longitudinal (L) or cirmsferen- |
! tial (C) orientations would tend to progress through thickness in f

j preference to propagating lengthwise. The close agreement between the ,

q L C and C L orientations and (separately) the C R and L R orientations [

]
is remarkable, in the sense that the curves are colinear. f

In a tearing instability format (i.e., JT format) ,. the higher
] J 1evels of the L C and C L orientation are apparent in comparison to i

'; the C R and L R orientations (Fig. 23).
i

'

| As at 288'C, the L C and C L orientation 4 yield consistent J-R curve
j trends at 25'c (Fig. 24) ano 149'C (Fig. 25)
!

{ In contrast to the C data which demonstrated invariance with testy
! temperature, increasing the test temperature results in decreased J R

curve levels for both orientations (Fig. 26 and 27). The slopes of*

: the J-R curves are also reduced with higher test temperature

149,ig. 29) for the three(Fig. 28). However, comparisons of J T curves (F
C than at 25'C or| temgeratures indicate higher toughness at

1 288 C. The latter trend is reflected in the T vi. lues, where
increased test temperature can even give higher fE values. The

'

,
contradictory nature of these comparisons is primari1*y #ue to the flov

,

d
strength term in the tearing modulus formulation. As indicated in'

.

Section 5.1, these cast stainless steels de: sons trate large strength
,

j decreases with higher test temperatures, particularly on a percents.ge
j basis. For the axial orientation (applicable to the LC and LR
i orientations for J R curves), the flow strength decreases by 294 from

25'C to 288'C. With the flow strength squared term in the tearingi

i modulus formulation, J R curves at 25 C and 288*C could have the same
1

I
:
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Fig. 19 For the static-cast commercial heats ( 1.-C
orientation, 25'C), the CF3 grade has much
higher toughness than the CF8 grade. This
trend is consistent with that for the centri-
fugally-cast heats.
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Table 18 J-R Curve Results for Code ::P18 (Cast Stainless Steel. SA351-CF8A)

Speciam Orienta- Test (a/W)g g aa - g J T C n og Aging Condition
p ge av8

Number tion Temp

MEA ASIM I'IA ASTM Tmp Time

2 2 2
(*C) (-) (am) (u/m ) (u/m ) (u/m ) (MPa) (*C) (h)

1

CFBA-21r L-C 24 0.525 13.22 -1.80 2109.8 1838.6 544 6% 1085.3 0.6672 413.0 Unaged

CFBA-4LC L-C 25 0.540 13.33 -1.72 2461.6 2367.6 411 428 1382.8 0.5041 413.0 h ged

CF8A-31r L-C 148 0.544 10.97 -1.75 23 % .7 2316.8 525 493 1199.C 0.5188 330.8 Unaged

CF8A-514 L-C 288 0.547 12.17 -1.52 1632.7 1554.8 467 519 1008.3 0.4479 293.8 h ged

CF8A-614 L-C 288 0.536 12.80 -1.91 1542.4 1483.4 512 538 931.6 0.4933 293.8 h ged

CF8A-4CL C-L 25 0.535 12.93 H).99 2165.2 2159.9 331 313 1401.7 0.4748 461.7 h ged

CFSA-5CL C-L 24 0.538 19.97 -2.47 1893.0 1858.5 382 379 1220.8 0.5551 461.7 Itaged
CF8a-3CL C-L 148 0.544 7.75 -1.67 2386.0 2237.7 526 581 1202.9 0.5110 325.5 h ged

CF8A-2CL C-L 288 0.537 13.08 -2.05 1565.1 1464.1 398 464 1045.4 0.4026 304.4 Unaged

CF8A-6CL C-L 288 0.538 13.18 -1.61 1527.7 1500.8 382 360 1043.5 0.3892 304.4 h ged

CF8A-2LR L-R 288 0.578 10.44 -1.51 974.0 834.6 626 691 682.1 0.5998 293.8 h ged
|

CFEA-2CR C-R 288 0.581 11.94 -1.82 949.8 902.5 477 492 716.3 0.5238 304.4 h ged'

!

l

!

i
. - - - _ . . . , - _ - . , . - - . - _ - . - - - . _ _ _ . .- _ _ . - - - _ - . - _- _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _
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Fig. 22 For Heat ZP18 (grade CF8A) at 288'C, the L-C
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Fig. 27 As with the L-C orientation, the C-L orienta-
tion of Heat ZP18 (grade CF8A) demonstrates
lower J -R curve levels with increasing testg
temperature.
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Fig. 28 For Heat ZP18, both the L-C and C-L orientations indicate
reduced tearing resistance, in the form of dJ/da, with higher
test temperature.
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Fig. 28, J-T curves for the C-L and L-C orientations
of Heat ZP18 indicate higher tearing resistance at
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r

tearing modulus despite the JR curve at 288'C exhibiting a slope
which was a factor of two below that for the curve at 25'C.
Therefore, comparison of trends using tearing modulus or JT
compar! sons can be misleading in terms of evaluating the relative
effect of increased test temperature on the fracture resistance of

; such materials. This concept is most applicable to low strength
materials such as cast stainless steels due to the large percentage
decreases in strength with increasing test temperature. As an,

example, ferritic reactor pressure vessel (RPV) steels have signifi.
cantly higher strength levels which are not decreased as significantly
as those for the cast stainless steels, rendering flow strength !

] effects on tearing modulus much less significant for RPV steels,
f 5.2.2 lleat C1 (CF8)

,

J R curve results for lleat C1 are summarized in Table 19. In contrast
to results for the CF8A ring, this CF8 ring demonstrates an orienta-

i tion effect, whereby the C L orientation has higher toughness than the

.' L C orientation (Fig. 30). Significant variability is indicated for
the two tests from the L C orientation, in particular at large crack
growth increments (> 2 mm). The higher of the two curves is relative. |
ly close to the single curve for the C L orientation..

i '

Likewise, higher temperature does not result in significant changes in
JR curve level (Fig. 31). As illustrated, the data at 290*C4

1 essentially bisect the two curves at 25'C. The data at 290*C also
j demonstrate little variability, in particular in comparison to the

] data at 25'C. "

d !
<

5.2.3 lleat I (CF3)

i J R curve results for liest I are summarized in Table 20. In general,
I results from duplicate tests are in good agreement, indicative of i

little variability for this heat. In this case the L C and C L orien-
tations demonstrate close agreement of J R curves at 25'C (Fig. 32), ,

consistent with trends for Heat ZP18 (CF8A). The duplicate tests of |
; the LC orientation are virtually colinear up to -5 mm of crack ;
: growth. :
!

l

II The effect of temperature on the J.R curves for unaged material
I (Fig. 33) is similar to that for lleat ZP18 (CF8A). In this case the I

J.R curve levels are reduced by a factor of -2 at 290*C in comparison
to results at 25'C. Comparison of the load deflection curves for
these tests (Fig. 34) indicates lower maximum loads at 288'c and

) (somewhat) lower deflection at maximum load. Similarily, the aa de-
flection curves (Fig. 35) indicate greater crack growth at 288'c and; ;

; crack initiation at a lower deflection. The combination of these two I

trends results in the J.R curve differences illustrated in Fig. 33. !

With thermal aging at 350'C for 10000 h, the JR curve trends ara
J reduced in all cases for this heat with the magnitude of the reduction {
] similar to those for the C USE trends (154 reduction). At 25'C, both jy

the LC (Fig. 36) and the CL (Fig. 37) orientations indicate -204
i

q decreases in J 1evel after thermal aging. Similar decreases are -

i evident for this heat at 290'C for the L C orientation (Fig. 38).
: !
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Table 19 J-R Osrve Results for Code C1 (Static Cast Stainless Steel Pump - Casing Ring, SA351-Q3)

Speciam Ori m- Test (aN)g % g-g Jge T,,g C n og Aging Condition
Number tatian Temp

EA ASIM EA ASDt Top Time

2 2 2(*C) (mm) (mm) ( U/s ) (U/m ) ( U/m ) (MPa) (*C) (h)
i

I
i

|
!

C1811C L-C 25 0.526 14.45 -1.58 3%.1 340.4 223 239 422.7 0.4018 3%.2 thaged

CIE214 L-C 23 0.537 12.65 -1.05 285.6 258.1 409 417 426.3 0.6773 3%.2 thaged

C183C. C-L 25 0.531 15.20 -1.73 568.2 545.2 409 414 584.9 0.5721 3%.2 thaged

CIB41C L-C 288 0.529 14.44 -1.55 352.7 304.0 586 641 380.2 0.6047 241.4 thaged

C1851E L-C 290 0.529 14.94 -1.73 350.8 359.8 508 474 376.0 0.5413 241.4 thaged

I
:
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Fig. 30 In contrast to results for Heat ZP18 (grade
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Table 20 J-R Qarve Raoults for Cbde 1 (Static Cast Stainless Steel Pump Impeller. SA351-CT3)

Specimen Orien- Test (a/W)g g g-g Jge T,yg C a of Aging Condition
%mber tation og

'EA ASTM PEA ASDI Temp Time

2 2 2(*c) (mm) (mm) (U/m ) (u /m ) (u/m) (Mra) ('c) (h)
.

11114 L-C 25 0.538 13.77 +1.43 1268.0 1167.6 450 473 920.1 0.6075 411.2 thaged

1211r L-C 25 0.534 13.66 -1.48 1239.3 1308.5 462 396 903.1 0.6241 411.2 thaged
.

114tr 1-C 25 0.535 11.04 -1.1s 702.3 685.3 290 291 741.6 0.5470 466.8 350 10000

g 12314 L-C 25 0.544 14.17 -1.24 647.4 559.1 354 399 721.7 0.6510 466.8 350 10000

113CL C-L 25 0.530 12.90 -0.16 1153.6 1255.6 524 466 846.4 0.7003 411.2 thaged

II6CL C-L 25 0.527 14.72 -2.03 725.1 701.8 322 315 758.5 0.5887 466.8 350 10000
1

11-214 L-C 288 0.525 14.85 -1.65 579.8 $52.5 453 468 533.8 0.5181 284.2 thaged

! 12-214 L-C 288 0.532 7.24 -1.03 683.7 693.7 450 403 587.9 0.4954 284.2 thaged
!

11-514 L-C 288 0.541 13.62 -1.17 354.8 312.1 352 379 415 2 0.5151 303.7 350 10000

12-414 L-C 288 0.538 13.91 -1.26 388.3 368.9 405 412 442.6 0.5618 303.7 350 10000

|

|
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As with unaged material, increasing the test temperature to 290*C from
25'c for the aged condition results in a reduction in J R curve level
by a factor of -2 (Fig. 39). Overall, the J 1evel is reduced by a
factor of -2.5 for the aged condition at 290'c as opposed to the
unaged condition at 25'C. For this heat, consideration of the service
temperaturr is more significant than the effect of thermal aging.

,

5.2.4 Heat P1 (CF8)

J.R curve results for thii heat are summarized in Table 21. As
' mentioned previously for this heat, a large difference in J.R curve

trends for unaged material was found for this heat based upon material
location in the original pipe. In particular, material from the
outside diameter (0.D.) gave significantly higher toughness than did
material' from the inside diameter (I.D.) Only the measured ferrite
content was much larger for the outside diameter (27.6% vs. 19.5%), as
the chemical compositions for the two locations were similar in other
respects. An illustration of this effect is given in Fig. 40 at
25'C. The higher of the curves for the L C orientation is from the
outside diameter, whereas the lower L.C curve and the lone C L curve
is for the inside diameter of the pipe. The latter curves demonstrate,

'

I good agreement for nominally the same starting material location. For
the unaged condition, higher test temperature results in ~406 reduc-;

tion in J 1evel for the inside diameter material and -50% reduction in
J 1evel for the outside diameter material (Fig. 41). As a result, the

difference in JR curves based on diameter are siishtly less
! pronounced at 290*C than at 25'C.

The J R curves for the L C orientation at 25'C indicate a substantial
effect of diameter location. For the load deflection cur *e s
(Fig. 42), the specimen from the outside diameter of the pipe has only

,

; a slightly higher maximut. load, but a deflection at maximum load which
: is much greater than that for the specimen from the inside diameter of

the pipe.

I t

j In terms of thermal aging effects, the J.R curve levels for aged |

|
material are below those of unaged material. For aging at 350'c for '

1000 h, the C levels are similar to those for unaged material,< y
j Likewisn, the J.R curve trends for the aged condition are similar in ,

l argnitude to those for the unaged condition. For the L.C orientation
at 25'C, two data sets for material aged at 350'c for 10000 h demon--

! strate good agreement with one another (Fig. 43). This result is |

l unexpected since one aged specimen is from the 0.D. portion of the
pipe (the solid triangles on the plot) whereas the other aged specimen

,

is from the pipe I.D. (the solid squares). As well, the data from the :

l aged I.D. specimen are consistent with data from the unaged I.D.
specimen. Given the measured ferrite differences between the pipe (

hi her embrittlement demon-!.D. and 0.D. locations, the (apparently) t ;

strated by the material from the 0.D. is not surprising. The absence'

of embrittlement indicated for the I.D. material may result from i

'

inherent toughness variability in the virgin material (i.e., the
i unaged I.D. specimen may be from a slightly lower toughness region of ;

| the pipe) combined with compositional variability (i.e., the aged I.D.

i specimen may be from a region less susceptible to thermal aging

4
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Fig. 43 For the L-C orientation of Heat P1 (grade CF8),
both data sets for material thermally-aged at
350*C for 10000 h are consistent with the lower
curve f or unaged material. For the aged condi-
tion, specimens from the pipe inside and
outside diameter were tested. Data for the
latter end at ~ 4 mm o f Aa , with all data for
each aged specimen consistent up to that point.
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effects, possibly with a low local ferrite content). Overall then,
either moderate embrittlement (data ftom the 0.D. or no embrittlementforthisheatat25}Cforagingat350'C(data from the I.D.) results ,

for 10000 h. |
i

For the L-C orientation at a test temperature of 290 C (Fig. 44),
overall trends af ter aging at 350*C for 10000 h are similar to those
found at 25 C. At 290 C, the data from an aged O.D. specimen does
exceed that for an aged I.D. specimen, in similar p,roportion to that ,

exhibited by data from unaged specimens. As at 25 C, the aged 0.D. j
specimen yields J- curve trends similar to those for the unaged I.D.

'

specimen. The overall decrease in J 1evel is ~204 for each diameter t

location.
,

|

Thermal aging at 400*C for 10000 h results in much higher embrittle-
ment than aging at 350 C for 10000 h, as indicated by C data (454 9

reduction) and J-R curve data. In this case, toughness recYuctions are,

j much larger than reductions in C data. At 25'c (Fig. 45). J-R curve |y
i data from an aged 0.D. specimen is even below that from an aged I.D.

specimen. For the 0.D. location, the J 1evel decreases by a factor of
: 4 or 5. For the I.D. location, the J 1evel decreases by a factor of
i 2. In terms of the load deflection trends for these specimens

(Fig. 46), the aged specimen demonstrated lower maximum loads and,
; more significantly, much lower deflections at maximum load. In terms
4 of Aa deflection curves (Fig. 47), the aged specimens exhibit crack .

"growth initiation much before the unaged specimens and a steeper
overall trend of crack growth as'

a furstion of deflection. From a
structural standpoint, these two trends indicate crack growth4

4 initiation at lower loads for the aged condition, lower load carrying
capacity, and far less deflection "capacity" at maximum load.

At 290*C only an 0.D. specimen was aged at 400*C for 10000 h. As
illustrated in Fig. 48, the J 1evels for this aged specimen are ~404i

below those for the unaged 0.D. specimen.

For material aged at 350'c for 10000 h, comparison of data at 25'C and
290*C (Fig. 49) is consistent with that for unaged material. In this :

case, the two sets at 25'c indicate no significant bias based upon '

diameter location, whereas at 290*C the 0 D. specimen yields lower J
levels. At 25'C, the C L orientation gives lower J 1evels at crack; ;

7 growth initiation than the LC orientation (Fig. 50), but similar ;

; tearing resistance. L

i [
1 For material aged at 400*C for 10000 h, the curve at 290*C is cot, sis- '

tent with the higher curve at 25'c (Fig. 51) . In this case, the
higher of the curves at 25'C is from the I.D. Therefore, the two
curves from 0.D. material indicato a moderate elevation in toughness '

; with increasing test temperaturn. This trend is unexpected from any [
j other results for this heat or the other heats of cast stainless (
| steel. '

i '

As expected, higher aging temperature results in greater embrittle. I
ment. At 25'C, specimens aged at 400*C exhibit J 1evels -60 706 below .

; those for specimens aged at 350*C (Fig. 52). At 290*C (Fig. 53), only I
5

L

b

!
|
1
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Fig. 51 After thermal-aging at 400'C for 10000 h,
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small differences in J 1evels are evident for specimens aged at the
two temperatures. In this case, the specimen aged at 400 C is from
the pipe 0.D.; data from this snecimen are just below those for an
I.D. specimen aged at 350'C, anu -304 below that for an 0.D. specimen
aged at 350*C.

5.2.5 Heat P2 (CF3)

J R curve results for tMs heat are summarized in Table 22. For the
unaged material of this heat, no J-R curve data cross the ASTM E 813
blunting line, in spite of the large crack advance obvious in the
J-R curves and on the fracture surfaces. As illustrated at 25*C
(Fig. 54), both the LC and C L orientation yield similar J R curve
trends.

With increasing test temperature for the LC orientation (Fig. 55),
the J 1evels are -30t lower for data from 290'C tests as compared to
data from 25'C tests. Some differences are apparent here based upon
location in the original pipe, as the I.D. location yields slightly
higher JR curves at each temperature in this case. This is in
contrast to Heat P1, where the 0.D. location gave higher J R curve
levels.

With aging at 350'c for 3000 h, no significant effect on J-R curve
levels are apparent at 25'C (Fig. 56) or 290*C (Fig. 57) consistent
with the small reduction in C level for this aging conditiony
(~ 54). At 25*C, O.D. and I.D. specimens were tested in the unaged
and the aged condition. In each cast , the only apparent change in
J 1evel is a small increase. At 290*C, data from the aged specimen,
from the pipe O.D., is slightly higher than that from the unaged
specimen from the pipe 0.D..

With aging at 350*C for 10000 h, J R curve data at 25'C are consistent
with that from unaged specimens up to ~3.5 mm, with some reduction in
toughness thereafter (Fig. 58). In this case, both aged specimens are
from the pipe 0.D., whereas the higher curve for unaged material is
from the pipe I.D. and data from the 0.D. terminates at -3 mm of Aa;
if the latter curve extended to higher Aa increments, no significant
embrittlement may have been evident. Similarly at 290'C (Fig. 59),
the data for an aged specimen (from the pipe 0.D.) are consistent with
that for an unaged specimen from the pipe 0.D., but -154 below that
for an unaged specimen from the pipe I.D. Overall, no significant
effect of 350*C aging for 10000 h can be discerned for this heat,
generally consistent with the reduction in C level of 10% for thisy
aging condition.

In contrast to results after aging at 350*C, aging at 400*C for
10000 h results in significant toughness reduction at both test
temperatures as indicated by C data as well (574 reduction). At 25'Cy
(Fig. 60), both the I.D. and 0.D. specimens exhibit J 1evels reduced
by -40% after thermal aging. Data from aged specimens demonstrate
good agreement between the pipe I.D. and O.D. in this case. At 290'C
(Fig. 61), toughness reductions are on the order of 25 35% for the
agad 0.D. specimen (no aged I.D. specimen was tested). The lower
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Table 22 J-R O2rve Results for Code P2 (Centrifuga11y Cast Stainless Steel Pipe, SA451-CF3)

J T C n of Aging ConditionSpeci:aen Orim- Test (a/W)g g g-g Ic avg
haber tation Tc=p

MEA AFIM MEA ASTM Temp Time

2 2 2
(*C) (cm) (um) (kJ/m ) (kJ/m ) (kJ/m ) (:tPa) (*C) (h)

P231If L-C 23 0.541 7.18 -0.93 - - 1638.8 0.7194 381.0 thaged

P2TIII L-C 22 0.539 2.92 +0.26 - - 1333.6 0.7984 381.0 thaged

P233CL C-L 23 0.538 7.95 -1.03 - - 1839.0 0.6124 387.4 thaged
1471.6 0.6988 421.7 350 3000P2T6If L-C 25 0.719 4.17 -0.86 - -

P23714 L-C 25 0.537 6.45 -0.47 - - 1914.0 0.6749 421.7 350 3000

P2TSIC L-C 25 0.531 10.76 -1.24 4562.1 4430.0 435 450 1885.8 0.5251 436.8 350 10000

g P2T10If L-C 25 0.531 8.39 +0.14 4793.5 4723.1 468 460 1818.9 0.5600 436.8 350 10000

P23614 L-C 23 0.527 13.04 -1.31 1446.6 1515.0 572 529 910.2 0.7532 426.4 400 10000

P2T4tf L-C 23 0.528 12.18 -0.92 1755.7 1639.3 544 556 1002.9 0.7051 426.4 400 10000

P232If L-C 288 0.531 7.97 -1.46 - - 1299.3 0.6308 268.5 thaged

P2T21f L-C 238 0.534 3.98 -0.36 - - 900.8 0.7695 268.5 thaged

P2T714 L-C 288 0.525 9.50 -1.14 3834.7 3703.7 602 665 1456.1 0.5048 288.2 350 3000

P22914 L-C 290 0.529 10.47 -2.03 3627.2 3445.3 767 769 1100.0 0.6385 286.8 350 10000

P2T5LC L-C 288 0.515 13.63 -1.78 1771.4 1718.6 681 679 859.0 0.6184 288.6 400 10000

.- _
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Fig. 54 As with three of the other four commercial
heats, lleat P2 (grade CF3) demonstrates orien-
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tations at 25'C.
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reduction is referenced to data from an 0.D. unaged specimen and the
higher reduction is referenced to data from an I.D. unaged specimen.'

For the aged specimens, increasing the test temperature results in
reduced J-R curve trends in all three cases. Referencing the data at
290*C to data from the pipe 0.D. (since all 290*C tests were with 0.D.
specimens), reductions in J 1evel range from ~25-30% for aging at
350*C for 3000 h (Fig. 62), ~30% for aging at 350*C for 10000 h
(Fig. 63), and -25% for aging at 400*C for 10000 h (Fig. 54).

Comparison of data for the three aging conditions indicates the large
degradation in J 1evels due to aging at 400*C, At 25*C (Fig. 65),
data for ,'; at 350*C (from 0.D. specimens) indicates no significant
degradation wt h increased aging time from 3000 h to 10000 h. (The
higher curve froin material aSed at 350'C for 3000 h is from the pipe
I.D.). Aging at 400*C results in J 1evel reduction of -30 40% from
that for aging at 350*C. At a test temperature of 290'C (Fig. 66),
data from specimens aged at 350*C for 3000 h and 10000 h are consis-
tent with one another (both specimens are from the pipe 0.D.). Aging
at 400'C for 10000 h results in toughness reduced by -25 304 from that
for aging at 350'C.
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Fig. 65 At a test temperature of 25'C for Heat P2
(grade CF3), thermal-aging at 350'c for 3000 h
or for 10000 h results in only small toughness
reductions for the longer aging time, whereas
aging at 400'C for 10000 h resulta in large
reductions.
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6. RESULTS FOR EXPERIMENTAL HEATS

As described in Section 2, the experimental heats of cast stainless <

| steel were cast as slabs. Three grades are represented, including CF8
| (lleat 68), CF3 (Heat 69) and CF8M (Heat 70). For each heat, specimens

were aged for 3000 h at 350*C, 400'C, and 450'C. Heats 68 and 69 vere'

tested at 25'C and 290'C, whereas Heat 70 waw tasted at ?5'C only.
Average "upper shelf" Charpy energy values (for reference purposes
only) are sumrnarized in Table 23.

Table 23 Average Charpy "Upper Shelf" Energy Levels for
Experimental Heats of Cast Stainless Steel

Heat Crade Aging Condition Average Energy Average
Value Reduction

Temp Time
2('C) (h) (J/cm ) (t)

68 CF8 Unaged 265 -- -

350 2570 167 37
400 2570 til 40
450 2570 125 53

1 69 CF3 Unaged 277 -- -

350 2570 198 29
400 2570 147 47.

450 2570 132 52

.

70 CF8M Unaged 193 --
;

350 2570 170 12'

400 2570 136 30
450 2570 93 52

6.1 Tensile Data

Average strength results for the experimental heats de summarized in -

Table 24 and Fig. 67. For the unaged condition, Heat 69 generally has
the highest strength levels. At 25'C, Heat 68 has the hirhest yield
strength, but the lowest ultimate strength.

For Heats 68 and 69, increasing the test temperature from 25*C to
290'C results in oecreases in strength ranging from 23% to 45%.
Decreases in ultincte strength (an average of 27.5%) tend to be less;

' than those for yield strength (an average of 39.0%) on a percentage

|
basis, but greater on an absolute t, asis,

i.

f 103

_ _ __ - _ _ _ -



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

Table 24 Summary of Strength Data for Aged Cast Stainless
Steels (Experimental Heats)

Heat Aging condition 25'Ca 290*Ca
ID

Yield Ultimate Yield Ultimate

('C/h) (MPa) (MPa) (MPa) (MPa)

68 Unaged 276.8 523.6 159.6 404.8
450/3000 +4% +154 +164 +124
400/3000 +64 +234 +14 +14%

450/3000 +7% +234 +134 +21%

69 Unaged 276.1 594.8 183.9 419.0
350/3000 +74 +84 64 +8%

400/3000 +0% +114 lit +6%

450/3000 3t +144 46 +14%

C70 Unaged 264.0 535.2 -- -

350/3000 On +.1 % .- -

400/3000 +14 +104 -- - ---

450/3000 74 +156 -- - -

_

b^ Test temperature G.2% offset yield strength c Data from ANL

6.1.1 Heat 6b (CF8)

For Heat 68 (Table 25), thermal aging increases the yield and ultimate
strength in all cases (Fig. 68). Additionally, higher aging
temperature generally results in higher strength at both temperatures,
wf.th only the yield strength at 290*C not following this trend. For
the latter, aging at 350*C givos the greatest increase in strength,
whereas aging at 400'C results in negligible strength increase.

With increasing test temperature, all fcur conditions of this heat i

give similar decreases in strength. Yield strength decreases by an |
average of 40.6% (35.8% to 44.8%) and ultimate strength decreases an |
average of 24.6% (22.7% to 28.04).

| 6.1.2 Heat 69 (CF3)

For Heat 69 (Table 26 and Fig. 69), thermal aging results in higher
ultimate strength in all cases, whereas yield strength increases only
at 25*C for two aging conditions (350'C and 400*C aging) . Ulcimate
strength tends to be "well behaved," with higher aging temperature
tending to result in higher strength. In fact the percentagegincreases in ultimate strength are the same at 25 C and 290'C for,

! nging at 350*C and 450*C. For aging at 400*C, the inctease in
|
|
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|

|
l

Table 25 Tensile Results For Code 68 (Cast Stainless Steel Slab, SA351-CFB)

i

Specimen Test True Stress-Strain Engr Stress-Strain Elonga- Raiuction Aging Condition
a

Number Temp tion in Area

0.2% Fracture- 0.2% Ultimate Temp Time
Tield Stress Yield Stress

(*C) (MPa) (MPa) (MPa) (MPa) (%) (%) (*C) (h)
-

683-40 25 275.0 996.8 274.1 530.0 45.4 53.4 Unaged
683-41 25 280.3 811.3 279.4 517.2 36.4 49.2 Unaged
682-25 25 285.2 1647.? 281.5 601.6 64.1 75.2 350 3000
682-26 25 295.8 1620.7 294.8 599.4 62.0 73.5 350 3000

~
682-16 25 295.2 1534.6 294.1 657.8 75.0 64.0 400 3000o

b* 682-17 25 290.7 1313.0 289.8 629.5 64.6 400 3000
681-4 25 293.8 1030.9 291.3 653.1 41.5 38.7 450 3000

b681-5 25 310.5 1447.0 309.4 632.9 68.7 '50 3000.

683-42 288 163.2 815.4 162.7 397.3 29.2 57.8 Unaged
684-40 288 156.9 792.0 156.4 412.3 37.9 60.6 Unaged
682-27 288 185.7 826.2 185.1 452.4 41.7 57.8 350 3000
682-18 288 161.8 711.3 161.3 463.1 32.1 47.1 400 3000

D681-6 288 170.2 700.4 169.7 486.8 36.8 450 3000
682-9 288 194.5 769.0 191.6 503.8 35.5 42.6 450 3000

a in 20.3 cn to 20.5 cm (0.8 in. to 0.808 in.)
D Specimen broke outside gage length

_ - - , _ _ , _ _ _ . _ _ _ _ _ - -. __ c- , _ _ _ _

_ _ _ _ _



_ _ _ _ . _ . _ = - - ._ _
- - _ _ - _ - _ _ - -

1

1

CF8 Cast Stainless Steel (Heat 68)
'

880 ,

i
'

25*C 290*C
- 180

m a
a e

680 - a
- 88

E _

cf E 'I;

-

*5 m 5

5 480 _ g - 68 5
_

S E F
E E
E B 8 8

_ 4g 5
a

1

280 - o o
o -- Yield B o

~

u -- Ultimate

' ' ' ' ' ' ' '
0 O

Unaged Aged Rged Rged Unaged Aged Aged Aged

(350*C (400*C (450*C (350*C (400*C (450'C
3000h) 3BOE) 3B00h) 3000h) 3000h1 3000h)

Fig. 68 Strength data for grade CF8 (Heat 68). Increasing the test temperature
results in lower strength in all cases. Whereas ultimate strength
exhibits larger increases due to thermal-aging, yield strength exhibits
minimal increases.
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Table 26 Tmsile Results For Code 69 (Cast Stainless Steel Slab, SA351-CF3)

Specimen Test True Stress-Strain Engr Stress-Strain Elonga- Reduction Aging Condition
aNud>er Tecp tion in Area

0.2% Fracture- 0.2% Ultimate Temp Time
Yield Stress Yield Stress

(*C) (MPa) (MPa) (MPa) (MPa) (%) (%) (*C) (h)

693-40 25 279.9 1070.1 278.8 606.0 57.1 48.9 thaged
693-41 25 274.3 1093.4 273.4 583 6 54.1 54.4 Unaged
692-25 25 286.5 1483.2 285.4 633.4 67.7 76.2 350 3000
692-26 25 303.7 1364.3 302.6 648.2 62.5 72.4 350 3000

g, 692-16 25 254.5 1358.9 253.6 638.8 52.4 72.4 400 3000
692-17 25 301.9 1309.9 300.9 683.2 44.3 60.6 400 3000
691-4 25 272.2 1476.9 271.3 692.2 36.5 71.4 450 3000
691-5 25 263.9 1528.1 263.1 664.6 56.6 73.2 450 3000

693-42 288 191.4 908.2 190.8 420.9 35.9 63.4 thaged
694-40 288 177.5 809.0 177.0 417.0 33.6 59.7 Unaged
692-27 288 175.5 752.6 173.1 451.2 32.3 53.8 350 3000
692-18 288 164.2 556.4 163.9 444.8 21.8 33.2 400 3000
691-6 288 178.2 683.6 177.7 479.7 28.5 44.9 450 3000
692-9 288 176.3 793.4 175.7 477.1 27.4 51.0 450 3000

a In 20.3 tse to 20.6 mm (0.798 in. to 0.810 in.)

. - - - - - _ . .. . ._. _ _ _ . -- ._ - , -
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ultimate strength at 290'C is much lower than that at 25'C, and also
lower than that for aging at 350'C.

In contrast to the trends for ultimate strength and for Heat 68, the
yield strength results do not describe an expected trend or even a
consistent trend. At 25'C, thermal aging at 350*C gives a moderate
increase in yield strength (+74), whereas thermal aging at 400'C gives
no substantial chang *e in yield strength (+1.2 MPa or 0.4%) and
thermal aging at 450 C gives a small decrease in yield strength
( 34). For this case, increasing the thermal aging temperature gives

1 successive decreases in yield strength, exactly contrary to the
expected trend.

At 290'C, all three thermal aging conditions result in decreases in
yield strength. In this case, thermal aging at 400*C results in the
loves: yield strength (highest percentage decrease), whereas thermal-
aging at 450*C results in the highest yield strength of the aged
conditions (lovest percentage decrease).

With increasing test temperature, strength levels are decreased
; substantially for all four conditions. Pe centage decreases in yield
'

strength (~ 37% on average) are greater than those for ultimate
strength (~ 30% on average), but absolute decreases are greater for
ultimate strength.

6.1.3 Heat 70 (CF8M)

Tensile tests of Heat 70 were performed (at 25'C only) by ANL.
Whereas, values reported in Table 24 are average values (from dupli-
cate tests), individual values are reported in Table 27 and
illustrated in Fig. 70. As with the other experitsental heats,

'

e
ultimate strength is "well behaved," as thermal aging increases
ultimate strength in all three cases, and higher aging temperature
results in higher strength. Aging at 400'C results in the highest4

yield strength (- 268 MPa), a small increase from the strength of
unaged material, whereas aging at 450'C results in a moderate decrease
in strength (- 19 MPa or 74). Thermal aging at 350'c results in
essentially no change in yield strength.

6.2 J R Curve Data *

In contrast to results for the experimental heats, the commercial
heats of grades CF8 (Heat 68) and CF3 (Heat 69) yield similar J Rg

; curve trends at 25'C (Fig. 71) and 290'C (Fig. 72), although the CF8 *

grade does have slightly higher toughness than the CF3 grade at
25'C. Overall, the CF8M grade (Heat 70) has the highest toughness at'

25'C (no tests of this heat were made at 290*C). '+
.

:
1

|

!
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Table 27 Tensile Resultaa for Code 70 (Cast Stainless
Steel Slab, SA 351 CF8M)

Test Engineering Stress Strain Aging Condition
Temperature

0.2% Yield Ultimate Temp Time

| (*C) (MPa) (MPa) ('C) (h')
|

|

| 25 271.2 542.4 Unaged
! 25 256.8 528.0 Unaged

25 273.1 570.1 350 3000
25 253.9 536.5 350 3000
25 265.6 598.3 400 3000
25 270.1 578.9 400 3000
25 240.2 619.7 450 3000
25 249.1 615.6 450 3000

* Data from ANL tests

6.2.1 Heat 68 (CF8)

J R curve results for Heat 68 are summarized in Table 28. This heatg
demonstrated an unusual trend in the unaged condition (Fig. 73).
Specifically, data of 290'C (from one test) are not much lower than
data at 25 C, and actually are higher than the 25'c data at less than
- 4 min of aa. The curve shape is flatter for the 290'C data, with
J 1evels lower than those for 25'C tests at Aa greater than 10 mza.
The curve shape difference is apparent in a J dJ/da compariron
(Fig. 74).-

For this heat, thermal aging at 350*C for 3000 h results in higher
(J R curve levels) at 25'c as compared to the unaged condi-toughness g

tion (Fig. 75). In contrast, C data indicate a large reduction iny
level (374) due to this aging condition. Comparison of the load-
deflection curves (Fig. 76) illustrates the higher load carrying
capacity and greater deflection at maximum load for the aged
specimen. As illustrated, the J 1evels are increased by a factor of
- 2. At 290' (Fig. 77), a moderate reduction (- 154) in J 1evel
occurs for the thermally aged specimen, with, the curve shapes for the
two data sets quite similar.

Vith thermal aging at 400*C for 3000 h, the JR curve at 25'C isg
elevated over that for the unaged condition (Fig. 78). In contrast,
C d.ata indicate a large reduction in level (40%) due to this agingy
condition. This elevation is apparent at all Aa intervals, with - 20n ,

increase at the end of the data for the aged specimens. At 290'C
(Fig. 79), a substantial reduction (- 256) in J 1evel is exhibited by
the thermally aged condition in comparison to trends for unaged

111 ,
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Fig. 70 Strength data for grade CF8M (Heat 70). Thermal aging results in higher |
ultimate strength and no change in yield strength.
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i

Table 28 J-R Q2rve Results for Code 68 (Cast Stainless Steel Slab, SA351-CF3) j

Specimen Test (a/W)g g u-g J T C n of Aging Conditionp Ic avg
Ncber Temp

.

I

MEA ASTM MEA ASTM Temp Time

2 2 2(*C) (css) (mun) (kJ/m ) (kJ/m ) (kJ/m ) (gp,) (.C) (h)

683-5B 25 0.527 14.68 -1.64 483.2 410.1 383 406 576.8 0.6348 400.2 1:naged

683-5T 25 0.519 16.29 -2.41 386.3 325.9 338 362 510.2 0.6133 400.2 Unaged

683-3V 25 0.523 15.00 -2.19 452.7 393.8 356 382 554.1 0.6110 400.2 Unaged

6dl-4B 25 0.543 11.65 -1.43 1635.1 1512.5 450 465 1057.8 0.6311 444.3 350 3000

l 681-3B 25 0.548 12.13 -1.40 546.2 510.7 318 321 661.4 0.6261 467.8 400 3000

{ 681-4T 25 0.531 14.52 -1.60 361.4 334.8 196 207 492.7 0.4966 471.7 450 3000
a a681-5B 25 0.540 410.6 426.2 238 228 550.5 0.5521 471.7 450 3000

683-7T 290 0.536 14.50 -1.92 1016.1 986.8 503 512 727.3 0.4991 282.2 Unaged

681-6T 290 0.544 15.28 -1.88 737.6 723.4 339 338 656.6 0.4307 318.8 350 3000

1 681-5T 290 0.550 14.66 -1.97 451.1 450.6 336 336 480.7 0.4777 312.2 400 3000

681-3T 290 0.529 13.77 -1.08 447.9 446.4 263 246 489.0 0.4278 338.5 450 3000

a Cannot be detemined

-__ _ _ _ _ _ . _ _ _ _ . - - __ _ _ ._ __. __ _ ._. _ _ - _ . _ _ _ _ _ .
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material. In thir case, an almost constant difference in J 1evel
exists after - 3 4 mm of aa.

With thermal aging at 450'C for 3000 h, some reduction in J R curveg
level is apparent at 25'C (Fig. 80), much less than the $34 reduction
indicated from C data. The lower curve in this case (from specimeny

|
681 4T) suffered a large load drop (- 504) af te r - 5 tun (0.2 in.) of

i stable crack growth (Fig. 81), with a crack jump of - 4 wn (0.16 in.)

| due to the event. The fracture surface for this specimen. (Fig. 82)

| has a large faceted area in the center, typical of a lov toughness
! fracture. This surface is in contrast to that for an unaged specimen
I tested at this same temperature. The other aged specimen tested at

25'C (specimen 681 58) likewise suffered several small drops of - 5%
in load. These load drops do not ha ie a discernible effect on the
JR curve levels and likewise are not evident on the fractureg
surface.

At a test temperature of 290'C, J R curve data for a thermal agingg
condition of 450'c for 3000 h demonstrate significant reduction in
toughness from the unaged condition (Fig. 83). In this case, the I

reductions in J 1evel are fairly constant at - 404 for the entire
range of aa.

For the three aging conditions, higher test temperature results in
lower J 1evels in all cases (Figs. 84 to 86). On a percentage basis,
the reduction in J 1evel is greatest for the 350'C aging condition and
lowest for the 450*C aging condition. This result is in contrast to
the trend demonstrated by unaged material (Fig. 73), wiere data at
290'C were hi her than those at 25'C.6

Direct comparison of data for the three aging conditions indicates
that. higher aging temperature results in reduced J R curve levels.g
At a test temperature of 25'C (Fig. 87), a large reduction in J 1evel
occurs between aging at 350'c and aging at 400*C, with a smaller
(additional) reduction evident with aging at 450'C (excluding the,

post load drop data) . At a test temperature of 290'C (Fig. 88), data
for aging at 400'C and 450*C tend to lie close together, whereas data
for aging at 350*C are up to - 304 higher.

! 6.2.2 lleat 69 (CF3)
!

J R curve results for this heat are sumnarised in Table 29.{ g

As with Heat 68 (Fig. 73), data for the unaged condition of Heat 69
demonstrate higher toughness (or at least no reduction in toughness)
at 290'C as compared to data at 25'C (Fig. 89). In this case, a large
degree of variability is apparent for the data at 25'C, with the top
of the cast slab yielding the higher of the two J R curves at this< g
temperature. The data at 290*C are likewise from the top of the cast
slab.

l

1 Aging at 350*C for 3000 h results in elevated toughness from the
2 unaged condition for this heat at 25'C (Fig. 90), in contrast to the

reduced C levels (296 reduction) for this aging condition. The agedy
,
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tested at 25*C. The instability illustrated results in a crack jump of ~ 4 as (0.16 in.)

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



- . _ . _ - _ _ _ . . . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . ___-_ . _ _ - _ _ _ _ . _ . _ . _ _ _ _ . _ _ . ,
f

4 i

l

. !

| AGED @ 450 C/3000 h !
!
-

,

i |
| Tested @ 25 C |

?

681-58I 681-4T !
! !

'M} e)
i

:
I ,' T; !

-

s..i

{ g ' . i' ^ ' f FACETEDj| R; j ff'|, g j
|

"'i AREAr
|

) q.cp4 ' f., 4 $
-

;

;

}
,

UNAGED |
;

.
t

| !

| 25 C 290 C

-

- .~ - .:. (. . :n. a ,.
683-5B 683-5T i683-7T3

i
.

- . ~. -q_

/ 't, '
,

,

Fig. 82 The fracture surface for specimen
I, 681-4T, as compared to those for

| other specimens, exhibits a faceted
appearance not obvious on the other

,

I specimens.

|

| 126
;
;

I

>
- - _ _ _ .- -.. - - . . . _ _ . _ . . . _ _ - . - . - _ . - _ - _ - . _ _ . . . . - _ _ - . - -



IGTR a (in. )
i 0 1.01 0. 5 0.8) 0.12 0.15
' 20m i i , , i

Cast Stainless (Code 68)
SR351-CFB, Slab - 1( 0 30

IsN -

c - 8N0

a|
..
~

D

% / 0 ~i-

!a
ON0 44 0 -

1000 -

P /o / 4
/ ;-e

c g
1 0*

o
0 '/ - 4M JFg a

f /' i'o '

1m twcA'g9
O -- th i g e d - 2W

/ A -- Tsjed (450* c,12N hl

I / 1 1

0 0
0 1.0 2.0 3.0 4.0

[R IA a (mi)

IELTA a (ln. )
0 0.18 0.20 0.30 0.40 0.50

35N !mui i i i i

Cist Stainless (Code E9)
9351-7 8, Slab3cm _

~ bW
ygm a-

o*g Ct

('g zem / / a u-

U2 / 0 A * INN'

'y 11 N O $-

a
c7

-
< a

/' O A JF

// s'
10x - [f

A* 3M'

A Ill'L

f //j '4A O
' Lhapj--

gg
f/ 4 -- r3 4 u w e 3 a u
'/1 , , , i,

0 2.5 s.0 7.5 ie. 12.s is.1
ER TA a (si)
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Table 29 J-R O2rve Results for Code 69 (Cast Stainless Steel Slab, SA351-CF3)

Specimen Test (a/W)g g g-g ge avg of Aging ConditionJ T C n

Nu::6er Terp

PIA ASIM MEA ASTM Temp Time

2 2 2
(*C) (un) (cza) (kJ/m ) (kJ/m ) (kJ/m ) (gp,) (.C) (h)

692-8B 25 0.530 16.07 -2.35 249.4 225.1 267 274 422.6 0.6404 435.5 Unaged

692-8T 25 0.537 14.60 -1.26 440.8 461.9 299 275 563.7 0.5893 435.5 Unaged

691-43 25 0.519 13.61 -1.14 1009.4 993.6 293 287 908.2 0.5058 467.7 350 3000

691-3B 25 0.514 13.65 -0.79 591.2 518.5 214 235 660.1 0.4508 469.1 400 3000

691-5B 25 0.517 14.04 -1.19 640.0 6%.9 201 210 692.3 0.4208 472.7 450 3000

693-7T 290 0.532 14.50 -1.63 991.4 926.1 349 388 790.5 0.3860 301.4 Unaged

691-6T 290 0.530 14.17 -1.20 530.9 520.0 327 309 530.1 0.4458 312.2 350 3000

691-ST 290 0.526 13.42 -0.95 314.3 305.0 325 314 384.8 0.5031 304.4 400 3000

691-3T 290 0.519 13.75 -0.98 325.6 310.2 243 262 391.7 0.4286 327.6 450 3000

'
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specimen in this case is from the bottom of the slab, with the tough-
ness increasing by a factor of almost two in comparison to the bottom
of the slab in the unaged condition. At a test temperature of 290 C
(Fig. 91), the J 1evels are reduced by - 304 for the aged condition as
compared to the unaged condition. In this comparison, both specimens
are from the top of the slab.

Aging at 400*C for 3000 h likewise results in higher toughness at 25'C
(Fig. 92) in contrast to the 47% reduction from C data. In thisy
case, data for the aged specimen (from the slab bottom) are slightly
above those for the slab top in the unaged condition. At 290*C
(Fig. 93), the thermal-aging results in reduced toughness for this
comparison of slab-top specimens. The toughness reductions are on the
order of - 40 50%, consistent with the reduction in C data.y

Aging at 450*C for 3000 h also results in higher toughness at 25 C
(Fig. 94), with an aged slab-bottom specimen yielding J -R curveg
trends similar to those for an unaged slab-top specimen. At a test
temperature of 290'c (Fig. 95), thermal-aging results in toughness
reductions of - 50% in comparison to data from an unaged specimen,
consistent with the reductiw. in C data.y

In contract to results for this heat in the unaged condition
(Fig. 89), the three aging conditions demonstrate reduced toughness
with higher test temperature (Figs 96 to 98). The toughness reduc-
tions are uniformly on the order of 50%, unlike trends for Heat 68
where the reduction was a function of aging temperature.

As with Heat 68, higher thermal-aging temperature results in reduced
toughness levels for Heat 69. At 25*C (Fig. 99) and at 290'C
(Fig. 100), data from thermal-aging at 400'C and 450*C tend to be
close to one another, whereas aging at 350'C results in higher
toughness.

6.2.3 Heat 70 (CF8M)

This heat was tested at 25*C only; J R curve results are sumnarized )g
in Table 30.

'

For the unsged condition, considerable variability is apparent for
this heat, siinilar to that demonstrated by Heat 69. In the case of
Heat 70, a specimen from the bottom of the slab yields higher
toughness than one from the top. With thermal aging at 350*C for
3000 h, a specimen from the top of the slab gives higher toughness in
comparison to an unaged specimen from the top of the slab
(Fig. 101). C data indicate a 12% reduction in this case.y

With thermal aging at 400*C for 3000 h (Fig. 102), reduced toughness
is apparent. In thir casa, the aged specimen is comparable to the
highest unaged curva since each specimen is from the bottom of the
slab. C data indP ate a moderate reduction (304) in this case.y

at 450'c for 3000 h (Fig.103), little variabilityWith thermal agino
is spparent between specimens from the top and the bottom of the slab,
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Table 30 J-R O2rve Results for Code 70 (Cast Stainless Steel Slab, SA351-CI&t

Specimen Test (a/W)g g g-g Jyc T,yg C n of Aging ConditionNud>er Tecp

MEA ASD'. IEA ASTM Tecip Time
2 2 2(*C) (co) (un) (kJ/m ) (kJ/m ) (kJ/m ) (gp,) (.C) (h)

743-58 25 0.528 14.71 -2.11 967.4 925.7 335 344 833.1 0.4819 399.6 Unaged

743-5T 25 0.523 14.04 -1.60 789.8 780.4 258 256 748.7 0.4036 399.6 Unaged

741-6T 25 0.532 14.31 -1.76 1073.7 1102.7 284 265 915.4 0.4158 408.5 350 3000

741-3B 25 0.514 15.18 -2.83 507.8 493.8 234 236 581.0 0.4591 428.2 400 3000
-

$
741 -5B 25 0.533 13.74 -0.83 291.7 264.3 220 230 424.9 0.5286 431.2 450 3000

741-3T 25 0.522 1<. 57 -1.49 430.2 421.8 215 225 523.0 0.4557 431.2 450 3000
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Fig. 101 For Heat 70 (grade CF8M) at 25'C, thermal-aging
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change in J -R curve trends.g
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Fig. 102 For Heat 70 (grade CF8M) at 25'C, thermal-aging
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reductions in J 1evels f rom average trends for
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comparison to the lower of the data sets for
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4

in contrast to data from unaged specimens. For the aged condition, the
top of the slab tends to have higher J 1evels up to - 4 mm of crack
growth. Overall the toughness reduction, due to thermal-aging,
averages - 354, generally consistent with the C data (52% reduction).y

Comparison of data for the the rmally aged conditions (Fig. 104)
follows trends demonstrated by Heats 68 and 69. Specifically, higher
aging temperature results in lower J R curve levels, and aging atg
400 C and 450*C results in similar J R curve levels.g

|
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Fig. 104 For the thermally-aged conditions of Heat 70
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7. DISCUSSION

7.1 J-R Curve Testing "Difficulties"

Whereas the J R curve results described in Sections 5.2 and 6.2 are
presented without discussion of details from the testing, mention of
several topics is necessary.

The applicable ASTM test standards, specifically E 813 and E 1152, are
in reality not applicable to these types of tests. Inparticular,tge
maximum J 1evels permitted to ensure J dominance are - 600 kJ/m ,
whereas the "Jge" values for many of these tests are higher than that
level. As illustrated in many of the comparison J R curve plots, the
initial portions of many data sets do not follow the "2ag" blunting
line used by ASTM E 813, but instead illustrate steeper blunting
trends, whereby less apparent crack advance (due to blunting) occurs
per J increment than the ASTM blunting line would indicate. Other
investigators have seen similar trends for stainless steels
(Ref. 18, 19). Recommendations are to use a "4a " blunting line orr
even a 2 ultimate strength blunting line. The latter may be
appropriate since ferritic steels which generally follow the "2ag"
blunting line typically have a yield to ultimate stren6th ratio of
- 0.7 - 0.8, such that the flow strength is 854 - 90% of the ultimate
strength. For cast stainless steels, the ratio of yield to ultimate
strength is typically - 0.4, with a resultant flow strength of - 70%
of the ultimate strength. The use of 2 ultimate strength is therefore
an approximate average of 2 and 4 flow strength for cast stainless
steels.

Another problem encountered with these tests is the significant "shape
change" exhibited by these materials. As indicated in Fig. 105, these
cast stainless steel specimens typically exhibit severe necking at the
crack tip as the crack progresses. This results in a trapezoidal
cross-section as opposed to the nearly rectangular seccion for a
typical RPV steel. This shape change is thought to be the maj or
reason for the poor correspondence between the crack growth measured
optically frora the fracture surface (aa ) and the crack growth
predicted by the unloading compliance meth,od (Am ), as indicated inothe summary tables. In general the crack growth prediction error
(Aa, aa ) for RPV steels tend to be nearly null, whereas for these

Ecast stainless steels the error tends to be large. This shape change,
in combination with the slightly irregular crack front typical of
these specimens, would tend to result in a shorter predicted crack
length than one would measure optically.

7.2 Modified J (J ) vs. Deformation J (Jgg

Recent ASTM and ASME discussions have centered on the "proper" J
formulation for use in evaluating J.R curves for structural steels.
To illustrate the Japact of using the various formulations, compari-
sons of data for high and low tou5 ness cases of these cast stainlessh
steels will be used.
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The initial form of the J integral proposed for use with compact
specimens was based on an analysis of as deeply cracked beam in pure
bending (Ref. 20), as given by

J-f ( f ) da - (11s

with A the area under the load-displacement record for the specimen.
However, this f(no was ( ,und to give J values slightly less than G
values for the case on failure in the linear range of the load dis-
placement curve. L correct this discrepancy, Merkle and Corten
(Ref. 21) included '.:e ef fect of axial force in their formulation of

J C. Clarke and Landes (Ref. 22) thenthe J integral, tswd here M
simplified the equatfons to

EO+ }J"' (12)
| Bb (1 + a )
|

with a a function of s /b.o

MC equation was satisfactory for evaluation of J valuesWhile the J
under conditions of little or no crack growth (such as Jrc), use of
the J integral for the case of a growing crack was needed Tor evalua.
tion of safety margins in nuclear RPV and piping applications. For
such applications, the use of J values only would be too severelyIc
conservative in providing meaningful assessments of structural
integrity. To address the need to account for crack growth in the J
integral, Ernst used a deformation theory of plasticity interpretation
of J to develop a crack growth corrected form of the J integral,

termed here JD (Ref. 23). The equations used to evaluate Jo are given
in Appendix A.

One characteristic of J which was quickly found was a tendencyD
! towards a size effect, whereby smaller specimens would give lower J R

curve levels than larger epecimens, with negative JR curve slopes
.

resulting in many casse. To address these concerns. Ernst introduced
a modified form of J, termed Jg (Ref. 15). Some of the attributes of
J cited by Ernst include a better description of the process ofg

| deformation and crack growth, specimen size independence, and a large
relaxation of the restructions on the amount of crack extension and/or
initial rersaining ligament needed to produce valid data. The specimen
size independent characteristic of J was initially demonstrated ing
Ref. 15 for an A 508 Class 2A steel using data from 0.5T. to 10T CT |
specimens. Confir mation of this can also be found in Ref.12 and 24.

| The JD and J equations described above (and used to calculate the J R

| curves in thks report) represent "total area" forms of each wriereby
the area under the load total displacement curve is used along with a

I single n cerm to evaluate J. Recent work indicates that the n term
! used tends to underestimate the elastic n, n t, for the compacto

specimens. Therefore, a raore appropriate way to evaluate JD and Jg is
to sure the elastic and plastic portions of each:i

|

|
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#~Je1 + 'p1 (13)

In this case,

J,y - K gg,y2)/E (14)
2

with K from ASTM E 399, v is Poisson's ratio (0.3) and E is Young's
modulus. The plastic parts of the J integral arc then evaluated by
substituting Ap (area under the load plastic displacement curve) for

J * and J , tare used to differentiate these quantities from JD andA. D g
J.g

For these comparisons, a specimen from heat P2 tested at 25'c
(P2 B6LC) represents a high toughness case, whereas a specimen from,

lleat C1 also tested at 25'C (Cl BILC) represents a low toughness
case. Load deflection curves for these two specimens are illustrated
in Fig. 106. The high toughness specimen exhibits a substantially
higher maximum load and high deflection at maximum load than does the
low toughness specimen. Likewise for the aa deflection curves
(Fig. 107), the low toughness specimen exhibits crack growth initia-
tion at lower deflections and in general exhibits more crack growth
per deflection than does the high toughness specimen. Both of these
specimens exhibit mainly plastic deformation, as given by the close-
ness of the plastic and total deflection curves. The normalized load-
plastic deflection curves (Fig. 108) for these specimens are enerally
well behaved, with the low toughness specimen exhibiting the lowest
trends overall.

The J.R curves for these specimens (Figs, 109 and 110) are generally
consistent with past work. Specifically, J gslightly lower;g and J , yield the highestJ-R curve levels, with J ,c JD and J * give the lowest 1g D
levels in both cases. The "star" quantities, J, and J, givep g
virtually identical trends to their "non star" forms, J and J,

D g
respectively. This characteristic is illustrated in Figs. 111
and 112, where the ratio of the "star" quantities to the "non-star"
quantities, i.e., J ,/JD and J ,/Jg at each J-R curve data point, isp g
within 24 of unity throughout each J-R curve. These ratios also do
not change significantly with the toughness level.

Similarly, the quantities J /JMC (Fig. 113), J /J (Fig. 114) andd M
J ,/J * (Fig.115) do not vary with toughness level.D As expected, Jgg D
and JM-C yield sitsilar J 1evels, with the largest difference - 184 et
Aa/b of - 0.5. In this case, a bilinear trend results for J /J Cg M
versus -a, with the breakpoint at aa/b of -0.25.

For J /JD (Fig. 114) and J */J , (Fig. 115), the differences becomag g p
large at low aa levels, aa/b, of - 0.025. A discernible breakpoint
occurs for these data (as functions of aa) at aa/b of 0.35.o

As demonstrated through its use in ASTM Standard E 813-87, the power
law cerve, as given by J - Coa" with C and n evaluated from regression
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analysis, is a reasonable procedure for approximating the J R curve.
One method for checking the appropriateness of a power law procedure
is to plot the J- Aa data in a log log format. If the data depict a
linear trend of J aa in this format, then a power law curve will
accurately fit the data. For the two sample specimens, J C' J * andM M
J , all demonstrate reasonably linear behavior for Aa increuents aboveo
0.25 mm (Fig. 116). However, both J * and J * tend to diverge fromg D
linearity, whereas J remains almost linear throughout all of theMC

| data. These trends are more obvious in Fig.117 for J * and J ,, withD g
the latter tending to "hook" upwards and the former tending to "hook"

JC data tend to remain essentiallydownward. In contrast, the M
linear (Fig. 118).

7.3 Correlation of J R Curve Data and C Datay

To aid in the interpretation and possible usefulness of the J R data
curve in this report, the J 1evels at various Aa increments are cross-
plotted with the C upper shelf energy levels. As opposed to usingy
the C energy at the specific test temperature (in particular aty
25'C), the upper shelf energy levels are used to avoid the confusion
which would result from using upper shelf energy levels in some cases
(such as the unaged condition of many of these heats) and possibly
lower shelf energy levels for cases in which a large transition
temperature increase due to aging has increased the transition region
above the test temperature. Since all of the JR curve tests
represent fully ductile, high toughness behavior, the consistent use
of upper shelf energy levels should give the most useful
comparisons. In addition, J values are avoided in these comparisons

materials,gewith high toughness and generally lowsince for these
strength, the J measurement points typically occur at large Aage
levels (i.e., 1 mm or greater), and the ASTM blunting line clearly
does not represent the data in many cases. The re fore , the consistent

uce of J values at a given level of Aa gives a truer indication of
toughness differences.

Comparisons between J 1evel and C upper shelf energy have been madey
at Aa increments of 1. 2 5 mm (Fig. 119), 2. 5 mm (Fig. 120 and 5 mm

290)C(Fig. 121), with test temperatures of 25'C and treated
separately. Data from aged specimens are denoted by solid symbols in
all cases; some additional data from another study (Ref. 25) are given
for comparison. (The additional data are not truly comparable to that
from this study, since they are evaluated using JM C; differences
should be less than 54 in all cases.) As illustrated at each Aa
level, the trend is towards higher J 1evels with increasin,g Cy
energy. This trend is most representative at 290'C. At 25 C, a
cluster of data points for experimental heats 68 and 69 in the unaged
condition (at C USE levels of 212 and 222 kJ. respectively) arey
distinctly lower than the remaining data. These two heats demonstrate
two other characteristics atypical of the other heats, with both
characteristics based upon lower JR curve levels than would be
expected at 25'C. Specifically, the data at 290'C were higher than
those at 25'C, and aging at 350'c and 400*C gave higher J-R curve
levels (at 25'C) than for the unaged condition. Therefore, if the J-R
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curve levels at 25'c for these two heats were to be elevated, then
these heats would be consistent with the other heats in all
respects. 'do bases for the lower than expected toughness has been
found, although the close agreement of data from multiple tests of
each heat precludes variability as a possible cause.

As illustrated in Fig. 119 to 121, data from the Electric Power
Research Institute (EPRI) study (Ref. 25) are entirely consistent with
the data reported in this study. [1
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8. CONCLUSIONS

This study, in conj unction with Argonne National Laboratory, has
characterized tensile and fracture toughness (J R curve) trends of
centrifuga11y and static cast austenitic stainless steels, in the as-
cast and various thermally aged conditions. Conclusions from this
study are:

Increasing the test temperature from 25'C to 290'C.

resulted in reduced strength (0.2% offset yield and
ultimate) and fracture toughness (J R curve levels) in
virtually every case.

Thermal aging at 350'C to 450'C generally gave higher*
strength and reduced toughness in comparison to trends for
unaged material; in particular, toughness losses can be
exceedingly large,

Toughness reductions tended to be almost proportional too

reductions in Charpy V upper shelf energy levels, with the
notable exceptions of heats 68 and 69 at a test
temperature of 25'C (see below).

Increasing the temperature or time period of thermal aging*

generally gave higher strength and lower toughness
(indicating greater embrittlement),

e For the same grade, centrifuga11y cast heats exhibited
higher toughness levels than static cast heats,

e For the commercial heats studied, grade CF3 had the
highest toughness and grade CF8 had the lowest toughness.

o Trends between J 1evels (at a fixed aa increment) and Cy,

upper shelf energy levels have been established, covering
aged and unaged materials, both commercial and
experimental heats.

Experimental heats 68 (grade CF8) and 69 (grade CF3) in*

the unaged condition demonstrate lower than expected
toughness (J) levels at 25'C. No basis for this has been
found.

All of these data are available for remote access through the USNRC's
piping Fracture Mechanics Data Base ( PI FRAC) , an on line computerized
data base (Ref. 26).
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APPENDIX A ;

:

{J.R CURVE DATA ANALYSIS PROCEDURES

t

1. OVERVIEW j
,

J.R curve evaluation requires measurements of applied load, load line
|

displacement and crack length for the subject test specimen. 1.oad and i

displacement are readily determined using a load cell and a clip gage, I
respectively. Instantaneous crack length generally is not directly I

measureable. Typically, it is inferred by evaluations of some other !

parameter in collaboration with equations relating that parameter (or [
changes in it) to the crack length (or changes in it). For static [
loading conditions, the single specimen compliance (SSC) method, also i

called the unloading compliance method, normally is used for !

evaluating crack length; hence the J.R curve can be obtained from a (
single test specimen. |,

| |
C !
I ;

| 2. CRACK IJ3Kmt XVA111ATION . COMPLIANCE NKIMOD j
1 !

1 The compliance method uses the spring like nature of the CT specimen >

1 (as given by the slope of the elastic load displacement record) to |
j establish ertek length. As illustrated in Fig. A.1, the load. ;

j displacement record for a J.R curve test has a linear elastic portion !

at the be6 nning of the record, followed by plasticity formation up to ji
,

il maximum load, with decreasing load accompanying increased displacement :

1 thereafter. The sloped lines at various points on the record in 1

J Figure A 1 represent compliance asensurements made during the test. !

i These compliance unloadings represent a decrease in load of - 10% of ,

} the maximum load (actually a fixed "unload" of displacement), and then (
a reloading to the previous load value. A linear record of load (Ap) l

versus displacement (48) results (Fig. A.2). This figure also

| demonstrates the significant compliance (slope) changes from the
initial crack length conditions at the right (a # - 0.52) to the final;

; crack length conditions at the left (aN - 0.78). The A8/AP is
combined with other terms to give (Ref. A.1): :-

I
.

i 1 !
(A'\) I; U - - 'g 1/2

{ B, E of i

| AP I*
. .

,

where B, - B - (B.B ) /8
; B - gross specimen thickness f'

N

; Bg - net specimen thickness '

E - modulus of elasticity j
,

r t

{ The crack length for a load line mounted clip gage is given by the )
calibration equation of Hudak Saxena (Ref. A.1): }

J

, !
1 t

|
i .

: ,

i A.1 ;

i i

! I

I1
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e

2 3- 106.041 U (A 2)a/V - 1.000196 - 4.06319 Ug + 11.242 Ug g
'+ 464.355 U 650.677 Ug g.

Two corrections to the compliance crack lengths are made: a rotation
correction and a modulus correction.

The calibration equation (Eq. A 2) was determined from elastic
specimens which had not been plastica 11y deformed. Since these J.R
curve tests result in significant plastic deformation of the specimen,
a "rotation" correction must be applied to the measured slope values.

The rotation corrected compliance. C , is evaluated from (Ref. A 2):e

C
* I^* IC - - "

g D
p sin 0 cos e g sin 0 cos 0

. . -

where (Fig. A 3),

compliance corrected for rotation of the specimenc -
c

measured compliance -C, -

initial half span of the load points (center of pinWe -

holes)

radius of rotation of the crack centerline, (V+a)/2R -
,

| vhere a is the last crack length
|
| one half of the initial distance between theD -

displacement measurement points

angle of rotation of a rigid body element about the0 -

unbroken midsection line, or -

sin'I 2 + R )1/22 *1(D/R)L(d,/2 + D)/(D
tan-

measured loadP, -

total measured load line displacementd, u

corrected loadP -
e

d no half of the corrected displacement-
c

The modulus correction is used to provide a consistent starting point
(initial crack length) between the compliance "measurements" of crack
length and the optically measured initial crack length. A "match
modulus" (which matches the compliance and optical initial crack
lengths) is evaluated from Eq. A-1 and A 2 in an iterative manner, by
first determining the proper Ug to give the optically measured

A2

|
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initial (pre test) crack length. Using an initial (pre test) {
E, is determined by |compliance value (C ), the match modulus, go

Inverting Eq. A 1:

| ~2 i
~

1
g= y / (8,C,) (A 4) !1E

.E [-

|
t

| Combining these two corrections, a corrected definition of Eq. A 1
'

results'
,

(A 5)U ~

I.I. , C
~

1/2 ,gBECeMc !

This corrected value of U is than used with Eq. A 2 to determine the f
' ~

g
crack length and, after subtracting the initial crack length, the .

crack growth for the specimen. These crack growth values are |.

typically referred to as "predicted" crack growth values, or Aa .p

i

j 3. J INTECRA1. IVA1 RATION . JD and Jg

Values of the deformation theory (J ) and modified (J ) forms of the J (D M
integral are calculated using the following equations (Ref. A 3): i

i
- . -, ,.

(b]i ("i+1 * *1D i+1 ~ Di+ k I* (A 6)J
1 N '

. ._

i i

2 + 0.522 b/W for compacts |n -

1

1 + 0.76 b/W for compactis I, 7 -

i :

'a unbroken ligament - W a |
-

1 f

j W specimen width I-

l
area under load loadline displacement record j; A -

, ,

crack lengtha -

!
.

a pD c) i
4

l J -J p f, a (A-7) [3a 6g
o p1 I

I

: !
where

.!!
'

D deformation theory J ;J -

Criffith linear elastic energy release rate !C -,

)
2K 2 (1 v )/E-

g

1

I

A3 I
;
1

.. .-.
_ . .
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|

|
I

the initial and current crack lengthsa ,a -
n

J 'OD p1, the plastic portie.n of the deformation theory JJ"

pt the plastic portion of the displacement6 -

l
Poisson's ratio' v -

f(h(VBB)and K -P
g g

|

where P is the hold load at a partial unloading, f(*) is given in AS M
standard E 399, and V, B, and B the specimen width, thickness,
and net thickness, respectively. y are

Reference A 3 also provides an incremental form of Eq. A 7:

#M i+1 ~ #D i+1 + AJ +1 (A 8)
i

where

Mg 41 " Mg + (f Jpt)g (a ,g a ) (A d)g g

l

Deformation theory J , i.e., J, is the formulation of the J integralD
specified for use in the ASTM standards E 813 and E 1152. The severe
validity criteria associated with J render J R curve evaluationsD D
virtually useless for application to structural stability
determinations, primarily due to the limits on crack extension.
Evaluation of J R curves for different sizes of CT specimens haveD
demonstrated a specimen size dependence as well. In this report
modified J is used as the primary form because it has been shown to be
specimen sito _ independent under greatly relaxed validity requirements,
with much greater crack growth increments still yielding acceptable
results.

4 J R CURVE EVA111ATION

A typical J.R curve is illustrated in Fig. A 4. The J R curve format
is in accordance with that of ASTM E 813 81. The line emanating from
the origin, called the blunting line, is given by J - 2agaa, where af
is the flow strength (the average of the 0.2n offset yield strength
and the ultimate strength). The exclusion lines are constructed
parallel to the blunting line, but offset by 0.15 men (0.006 in.) and
1.5 mm (0.060 in.).

By ASN E 813 81 procedures, a straight line is fit to the test data
between the 0.15 and 1.5 na exclusion lines. This line is extrapo.
lated back to the blunting line; the intersection is termed J . Jg ge
equals J if various validity criteria are satisfied. In the present
investig tion, the overall (small) specimen sizes and the test
materials (i.e., low strength and high toughneas) preclude
determination of J , values valid per ASTM E 813.g
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In the power law evaluation of the J.R curve data, an equation of the
form J - Caa" is fit to the data between the exclusion lines. The )
power law J is defined as the intersection of the power law curve j
with the 0.b am exclusion line. Previous experience has shown that -

the power law definition of Jge tends to give values nearly equivalent
to the ASTM E 813 81 values for low alloy (ferritic) steels.

'

T, is used to characterize the tearingThe tearing modulus, g
resistance of structural materials. T is given byg

I

E M
3 2 H (A 10) Ii T - ,

' -

o g
0

F

where M/d4 is the slope of the JR curve. Since the J.R curve
conforms to a power law, the value of Tg changes (decreases) with
increasing crack growth. For comparison purposes, average values of |

,

value (as defined |T, t e rme d T,y typically are used.
The ASTM T, b/da; the power lav1 g

' byMEA)usesthe, slope of the linear fit curve as
!value is determined from a fit of the power law curve to a

T,yEight
|str line, defining M/da as an average slope evaluated in a

1 closed form manner (see Appendix H of Ref. A 4). '

| r

i
i

|
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;
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'
-

!
!
'

,

I

) l

i 1
i
f

i

k

! A5 t

P

l<

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . ___ ._ ____. _ _ _ _ _ _ _ _ _ _ . _ _



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

|

REFERENCES

A 1. A. Saxena, S. J. Iludak, Jr., "Review and Extension of Compliance
Information for Common Crack Crowth Specimens," International
Journal of Fracture, Vol. 14, No. 5. Oct. 1978, pp. 453 468.

A 2. F . J . Lo s s , 8. H. Henke, and R. A. Cray, Jr., "Development of
J.R Curve Procedures," NRL F.I'RI Research Program (RP 886 2),
Evaluation and Prediction of Neutron Embrittlement in Reactor
Pressure Vessel Materials Annual Progress Report for CY 1978,
J . R. Itawthorne , Ed., NRL Report 8327, Naval Research
Laboratory, Washington, DC, Aug. 1979.

A 3. II. A. Ernst, "Material Resistance and Instability Beyond
J. Controlled Crack Crowth," 31astic Plastic Fracture: Second
Symposium. Vol, 1: Inelastic Crack Analysis, ASTM STP 803,
American Society for Testing and Materials, Philadelphia, PA
1983,

A 4. A. L. Hiser. F. J . Lo s s , and B. H. Menke, "J.R Curve
Characterization of Irradiated low Upper Shelf Velds," USNRC
Report NUREC/CR.3506, Apr. 1984.

A-6



. -- -

U!a-isimEiE"= -r=[- +E REwa==: -; -r a +=. 1 L_ =

:m=m!Ez:= ^ = d: -- _mV i=? I ~i F E
_

- + - - - - + - _.; .
.

. == =2:1 _q=

| l|-_. ! J C 1.ST-CT (62W-32) c-f _ ft, _ _. _ m-f _=T__-2~~5 |
c._

t j __ _y

! ; 1 :1.!UNIRRRDIRTED, 200 C, 20%. =[z
_ z~n.__:_______________._____: ,

- - 7 T--- _i _ '--]
.

_.
_

i. I !' i -] - ;; _ .

=I = T - .3-~ _ . - - -_ - _~~h-
- EI~~~ - [[5 :' b5 M

== =:= == t _ _ + r= .=t= == _ __ ;: = _- ._j==d _=. . __. =_ _ :t r= t = F == 1 =
+

- ; t m- m ::,

= t =- - ._. . r.
. ' - - -=_-j__ __

y_._..l_____f.
__ __ L__ ._.a

; ; !:, ,

f - :

t 136.5 kN z!;- -y: y. _ _ _g t
_

- . =.

= =} 7nc|_j
t H i -- - - t = _.; at

-

6 _1 .

; ; f

i- !
._ _ _ hj k T- b r- 25 kN - =- - - - --

! }
'

~~' -

I }A 1 .z-! =
-

_c__ = j--- - ~ - - - + =n . :_-
,

- d=r r !" =_ .::: : : :-) L. _ r - -JQ=t=== = t: v- = = ==t= =:

= } == ' ==1-=' := $= =
_ ] }:-

- 1- - = 2)=
'

---- } = .I - ; }If - |1 ~ =_ :
=: = =-+ - : __ : _ =,= 2 r_L ==}=_L ==T.i: ^ ='=,=rL___- -- :;- .

. ^T =t=- '= ; ==t= =: = -& - :-2.: =t - =*{ ~$- - -- | -|| -:t-- =}, __ . I1i1: 2.t _ Mt= ==j n-- -.z; j __; _ z x_ :rt= =3o -~ j _ ;j- -J---~

f__ __ _ , . __ __ { ===t:6 x}z;=r ==- r.-jr[= r4=__-
_

-

_- -{f == {r. =f._._ f _=__-.. _ ; {"-__ = : .___ p=t=. = . t--- , _ _ . _ . .
-

= z_
'' MM- -

=4 =--- =- = ,t = = = = j ==m= ri =
=j= R- =h- = 7 - _, --' t -- ' i* _

== = t= =u= -;_ =1=: i. -, - =t- =t
xx _____ j:n

- -- --4^ -

.

- -- -n

={4= ={ =l: 2x =rj ==-;= - _zc= =ji= ,= . i-
- = -- === =1=+p- =}= = == -

= i== =t= ; -+ - - -

.=_ t =_ _ .=.-__ t =_ =_ i.=__. ._ - :-t_._ . . _ _ . _ ;____ 7_.___ ____. ) ,_ _

! ____

_
j g _

; _
c=t = =_ w= = _g__"j=' !____ __

- --
=:11 _: 4i := _ze ==__

---l - ----

._;; = = j ___ - . n ! = l ._ _ t 1-_ j - -- . rtz=
=i= x=i= ci _

:2:.{ n x J=t=
-__ .m-+ ; _ .. ,g/-4

_ _c xx ~= :-=_:_ _ =; = _ _ _ . = e -- -t-

m. - _ =_ =g- -.-
i i! w - v -& -l- i =t = =t= - . .

-~.

=t: =.iw||f t=-.y= t = .._ ==- --g --;

DEFl.ECTION 7-7 --- gggEf}g5! I$g 2.23N_ --g _ g
c

Fig. A-1 Typical load-displacement record for a J-R curve test. The test record is for a

low-alloy steel specimen.
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Fig. A-2 Unloading compliance traces for the J-R curve test in Fig. 1. In this
1 case, the test data progress from right to left chronologically.
| Significant slope changes are apparent.
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