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ABSTRACT

Current pressure vessel safety assessment methods are based largely
on Sects. 111 and XI of the American Society of Mechanical Engineers
Boiler and Pressure Vessel Code (ASMB BGPVC) . These documents take the
position that the frac'ture toughness correlations cannot be assumed for
a crack-arrest toughness value >220 MPa 4 for light-water-reactor (LWR)
pressure vessel steels. This limit is imposed largely because, until

toughness (K ,) data existed at orrecently, essentially no crack-arrest g

above this level and because Charpy tests show that impact energy levels
exhibit an upper-shelf behavior. In making assessments for LWR pressure
vessels undergoing thermal transients with low accompanying pressure
levels, the limit on crack-arrest toughness does not present diffi-
culties. However, certain pressurized-thermal-shock scenarios could-
lead to conditions under which the driving force (K ) on a propagatingy

crack increases to levels higher than the ASME limit.
The Heavy-Section Steel Technology (HSST) Program at the Oak Ridge

National Laboratory, under the sponsorship of the U.S. Nuclear Regula-
tory Commission, is conducting analytical and experimental studies aimed ;

!at understanding the circumstances that would initiate the growth of an
existing crack in a reactor pressure vessel and the conditions that
would lead to the arrest of a propagating crack. Objectives of these
studies are to determine (1) whether the material will exhibit crack-
arrest behavior when the driving force on a crack exceeds the ASME
limit, (2) the relationship between K, and temperature, and (3) theg

interaction of fracture modes (arrest, stable crack growth, unstable
crack growth, and tensile instability) when arrest occurs at high tem-
peratures. In meeting these objectives, crack-arrest data are being
developed over an expanded temperature range through tests involving
large thermally shocked cylinders, pressurized thermally shocked .

vessels, stub panel specimens, and wide plate specimens. The thick- I

vessel tests have very high crack-tip restraint and produce indisputably
valid fracture data. The wide plate specimens provide the opportunity
to obtain a significant number of data points at reasonable costs.
These tests are designed to measure fracture toughness near or above the
onset of-the Charpy upper-shelf regime in a rising toughness region and
with an increasing driving force.

The HSST wide plate crack-arrest tests are being performed at the
National Institute of Standards and Technology, Caithersburg, Maryland,

,

in a 27-MN-capacity testing machine. This report contains results for :

two tests that used A 533 grade B class 1 material supplied by Combus- I

tion Engineering, Inc. Each test used a 1 x 1x 0.1 m thick single edge
notched plate (a/w = 0.2) that was subjected to a linear thermal gradi-
ent along the ' plane of crack propagation. The thermal gradient was
applied fo the specimen by cooling the notched edge and heating the
other edge. By varying the c' rack-t i p t emperature and transverse tem-
perature profile, the initiation load and depth of crack propagation
were changed from test to test. During each test, strain and tempera-
ture measurements were obtained as functions of position and time.
Load, crack-opening displacement, and accelerometer data were also
obtained as functions of time. |

|

|
.
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These tests have shown crack-arrest Loughness values well above the .;
limit recognized by the current - ASME B&PVC guidelines, with arrests'
occurring' at 58 to 95'C above the material's reference' nil-ductility

. , ,

temperature- (RTNDT = -35'C); and up . to 10*C higher than that - for. : the-- '

material's- onset- of: Charpy ,V-notch - upper-shelf , energy .(USE) : (onset i

,

,USE = 50*C).= Crack- propagation has been.'by- cleavage until . arrest l i

occurred, and, even' for- very- high ' driving forces, ductile tearing.
occurred only af ter arrest. . The f racture ' data - support (1) the use of '

fracture-mechanics conr:ept s. .to- analyze cleavage run-arrest events, (2)
the treatmentc 'of cleavage . run/ arrest- and ductile fracture modes - as '

separate events and (3) the fact that cleavage arrest occurs above the '

ASME limit.
,
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EXECt!TIVE SUMMARY

The pressurized-thermal-shock (PTS) issue for pressurized-water
reactors involves a broad range of fracture phenomena. In PTS sce-
narios, flaws in the inner surface of the reactor pressure vessel (RPV)
have the greatest propensity to propagate because they are located in
the region of highest thermal stress, lowest temperature, and greatest
irradiation damage. If such flaws begin to propagate radially through
the vessel wall, they will extend into regions of higher fracture tough-
ness because of the higher temperatures and lesser irradiation damage.
Although the thermal stresses may decrease with increasing propagation
depth, the stress-intensity factor resulting from elevated-pressure
loading will increase. In making assessments for light-water RPVs
undergoing thermal transients with low accompanying pressure levels, the
limit on crack-arrest toughness (220 MPa 4) contained in the American
Society of Mechanical Engineers Boiler and Pressure Vessel Code (ASME
b&PVCJ does not present difficulties. Ilowever, certain PTS scenarios
could lead to conditions under which the driving force on a propagating
crack increases to levels well over the ASME limit. Assessment of the
integrity of an RPV under such a postulated crack run-arrest condition
requires prediction of the arrest location, potential reinitiation,
stable and unstable ductile crack growth, and structural instability of
the remaining vessel wall ligament.

Work being conducted under Task 11. 5 o f the lleavy-Section Steel
Technology (HSST) Program at the Oak Ridge National Laboratory is con-
cerned with the ability of RPV materials to arrest running cracks as
they propagate into regions of higher toughness and conditions of in-
creasing values for the stress-intensity factor. As a part of this
task, the HSST Program in late FY 1984 initiated an investigation of the
run arrest behavior of cracks in large pit tes that possess steep tough-
ness grelients. These tests use wide plate (1 1 = 0.1 m or 1=1=
0.15 m) .pecimens.that possess a single-edge notch (crack) that initi-
ates cleavage propagation at low temperature and arrests in a region of
increased fracture toughness. The toughness gradient is achieved
through a linear transverse temperature profile across the plate (edge-
to-edge). The experiments, which require the application of large ten-
sile loads, are being conducted at the National Institute of Standards
and Technology in Caithersburg, Maryland. The overall objectives of
these tests are to determine (1) whether RPV materials will exhibit
crack-arrest behavior when the driving force on a crack exceeds the ASME
limitt (2) the relationship between crack-arrest toughness and tempera-
turel and (3) the interaction of fracture modes (arrest, stable crack
growth, unstable crack growth, and tensile instabilit y) when arrest
occurs at high temperatures. In meeting these objectives, test s have
been conducted that use prototypic (A 533 grade B class 1 steel) as well
as degraded (simulated) RPV materials.

This report contains results obtained from testing two 102-mm-thick
wide plates that were fabricated from A 533 grade B material supplied by
Combustion Engineering, Inc. Following are highlight s of each chapter
to aid readers who are interested only in certain part s of the report.
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1. INTRODUCTION

t

Limitations imposed by the ASMS BsPrc, as well as issues that must
be addressed in making safety assessments for RPVs, are discussed.
Objectives of the crack-arrest studies and program goals are presented.!

2. BACKCROUND

Prior crack-arrest studies and their limitations are discussed. A

summary of large-specimen, crack-arrest toughness data is presented in
Fig. 2.1.

3. MATERIAL CilARACTERIZATION

A description of the A 533 grade B class 1 material used in the
WP-CE test series is provided. Drop-weight (Table 3.1), Charpy V-notch

'

(Table 3.2), and tensile (Table 3.5) properties are provided. Equations
(3.1) and (3.2) present the relations for K and K respectively,

ic 33,
t hat were used f or planning the test s.

4. SPECIMEN PREPARATION, INSTRUMENTATION, AND
TESTING PROCEDURE

Procedures used for precracking and assembling the test articles
are outlined. I nst rument at ion used to obtain pertinent data during a
test (load, strain, temperature, crack-opening-displacement, dynamic

as well as the data acquisition system, are described.displacement),
The heating, cooling, and insulation systems used to produce the desired
specimen transverse temperature profile are delineated. The technique
used to conduct a wide plate crack-arrest test (Fig. 4.9) is presented.

5. SUMMARY OF WIDE-PLATE CRACK-ARREST
TESTS WP-CE-1 AND WP-CE-2

Ceneral test conditions (Table 5.1) for each wide plate test are
delineated, and transverse temperature profiles for each test are sum-
uarized (Fig. 5.1). The highlights fnr each test, as well as pertinent
test data, are reiterated. fracture surfaces for each specimen are pro-
vided (Fig. 5.2).t
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6. POSTTEST ANALYSES, CRACK-ARREST TOUCHNESS RESULTS,
AND COMPARISON OF DATA WITH OTilER

LARCE-SCALE TEST RESULTS

Posttest static and dynamic fracture analyses conducted for each
wide plate crack-arrest test are described. Crack-arrest toughness
results determined by static and dynamic analyses, as well as by hand-
book techniques, are presented (Table b.4). The relatinnship between
fixed-load, generation-mode, crack arrest toughness values for tests
WP-CE-1 and -2, as well as for other tests that used A $33 grade B class
1 materials (WP-1 Series), and the KIR curve of the ASNE B&PVC is shown
(Fig. 6.22). The wide plate data are compared with other large-scale
test results (Fig. 6.23).

7. CONCLUSIONS

Results of the investigation are summarized. Primary conclusions
are that (1) crack arrest can and does occur at temperatures up to and
above that which corresponds to the onset of Charpy upper-shelf behavior
and (2) measured K, values extend above the limit set in the ASNEj
BSPVC.

|
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1. INTRODUCTION ,

i

Current light-water-reactor (LWR)' pressure-vessel safety assessment
[methods are based largely on Sects. III and XI of the American Society ;

of Mechanical Enginects Boller and Pressure Vessel Code (A5ME B&PVC). *

In pressurized-thermal-shock (PTS) scenarios, flaws on the inner surface
of ' a reactor pressure vessel (RPV) have the greatest propensity to ,

propagate because they are in the region of highest thermal stress,
lowest temperature, and greatest irradiation damage. If such a flaw
begins to propagate radially through the vessel well, it will extend i

into a region of higher fracture toughness because of the higher tem- *

peratures and lesser irradiation damage. Although the thernml stresses
may decrease with increasing crack propagation depth, the stress-inten-
sity factor caused by the elevated pressure loading will increase.

|Assessment of the integrity of an RPV under such a postulated crack run- '

arrest scenario requires prediction of the arrest location, potential
reinitiation, stable and unstable ductile crack growth, and structural
instability.of the remaining vessel wall ligament. *

The fracture toughness correlations contained in the ASME B&PVC
clearly show that one cannot assume a crack arrest toughness value (K ,)jMPa /m-for LWR pressure-vessel steels. The imposition of this>220

limit is based primarily on the facts that (1) no K , data existed at org

above this level and (2) Charpy tests showed that impact energy levels -

exhibit an upper-shel f behavior. Therefore, the nature of crack arrest,

behavior and ,

K, extrapolations to temperatures higher than that at3 ,
which this limit occurred could not be presumed.

.

The ASME limit does not impose difficulties in making assessments
f or ' LWR pressure vessels undergoing thermal shock transients with low
accompanying pressure levels. Ilowever, certain PTS scenarios could lead
to conditions under which the driving force on a propagating crack
increases to levels well over the current ASME limit. Thus, safety
assessment methods for this type of condition would require an under- '

standing of the following points. I

1. If the driving force on a crack exceeds 220 MPa./m by a significant
margin, can the material exhibit crack-arrest behavior?

2. If the material exhibits high K , values with increasing tempera-g

ture, what is the relationship between K , and temperature? Thatg

is, does a temperature limit exist above which cleavage crack pro-
pagation cannot continue regardless of the magnitude of the driving
force?

,

,
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3. If crack arrest.does occur at high temperatures, at . which t he mate-
,

. rial behavior is typically dominated by ductile behavior, then which"

interactions - exist between. the various fracture modes, including
arrest , - stable crack growth, unstable crack growth, and tensile j
i ns t a bil i t y *l

Because wide plate tests have the ability to provide a significant num-
ber of data points.at reasonable cost, they were selected for use in the ;

p investigatlon. .

. _ The primary objective of the wide plate crack arrest studies under i,

the licavy-Section - Steel Technology (ilSST) Program is to generate data-
and associated analysis methods for understanding the crack-arrest-

.

behavior of prototypical RPV steels at temperatures near and above the :

onset of the Charpy~ upper-shelf' region. Program goals include (1) ex- |
iK , data bases to include values above those' '

tending the existing js

associated with the ' upper limit'in the ASME hsPVCl (2). clearly estab- ']lishing that crack arrest occurs before f racture-mode conversioni and- ,

(3). validating the predictability of crack arrest., stable tearing, ,

and/or unstable Learing sequences-for ductile materials.1 The wide plate '

tests and analyses provide bases for obtaining and interpreting dynamic- '

fracture data (with relatively long crack runs) and bases for validating !

viscoplastic f ract ure models and analysis methods, in the study dis-
-cussed in this report , the program objectives and goals were investi- .

gated for one material, American Society for Testing and Materials
(ASTM) A $33. grade B class 1 steel supplied by Combustion Engineering, j'

inc. (CE). ;
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2. BACKCROUND

Under the IISST Program, crack-arrest data have been generated over
an expanded temperature range in tests involving large thermally shocked

,
cylinderst,7 (TSCs), pressurized thermally shocked vessels (PTSVs),3,4

l. and wide plate specimens.5,6 The TSCs and PTSVs also provide data under-

multiaxial transient and high restraint loadings for validation of frac-
ture model s ' and anal ysi s . methods. ' Although the thermal-shock experi-
ments (TSEs) have generated a significant number of data points, the

L driving force in these experiments has been thermal stress only, and,
consequently,. crack-arrest data have not ranged above ~150 Mpa /E. An

TSEs is that the K , data from these highly.important conclusion of tht: j
restrained propagat ions fall well within the range of K , data from theg

small laboratory specimens and above the ASME reference toughness-(KIR)
(K ,) and dynamiccurve, which provides a lower. bound of crack _ arrest j;_

fracture toughness-(Kid) as ' a function of the t empe rat ure relative' to
the nil-ductliity temperature (NDT). The lISST pressurized-thermal-shock
experiments (PTSEs) can provide higher K9 values under similar highly
restrained conditiuns, as shown by-the first two PTSEw.,which produced
K, data as high as -420 MPa /m at temperatures up to ~90*C above thej
drop-weight NDT for the vessel insert material (-75'C). Crack-arrest
tests that'used wide plate specimens fabricated from A 533 grade B class
1. material (llSST Plate 13A) have produced K , data - >500 MPa .Fm_(fixed-3

load, generation-mode analysis) at temperatures up to ll5*C above the
material RT -b23'C).--NDT

Large-specimen, high-temperature, crack arrest data have also-been
developed by testing (1) moment-modi fied compact-tension (MMCT) speci--
mens at CE under an Elect ric Power Research Institute (EPRI) program,
Research Program RP-2180-3,' (2) wide plate and ESSO specimens in

' Japan,e-84 and (3) TSEs in France.16 A sungnary of K , data for~ the llSSTj
Program'TSEs, PTSEs, and wide plate tests ( A 533 grade B material); the
CE/EPRI MMCT testst the Japanese testal and the French TSEs is presented
in Fig. 2.1.

!
I

,



4

i

ORNL DWG $9 001 A LTD
700

I I | | | | | >| |'

,

600 - -

lE + G8
-

9
*

500 0- -

g aFTSE x ESSC 4
3 0 TSE.4 > W P.1. 2

e TSE.5 4 WP 1.3-

M V T SE.5 A e WP.1.4 g
C 400 ' T SE.6 0 WP.1.5- g - ,

2 0 PT SE.1 e WP.1.6 0 x
@ * P T S E.2 W WP.1.7 4
m Km + WP 1.8 +

300 - * CE/EPRI M
9 _

MMCT> xu 3m ew

E ,x % LIMIT. ASMEx x
"

}200 o SECTION XI-

N
e .ex* v iu o

De e ,V _100 -' ,* ,
' als

l I l l | | | | 1
0 '

40 20 0 20 40 60 80 100 120 140 160

T.RTN DT ('C)

Fig. 2.1. Sunna ry of large-specimen, high-temperature, crack-
arrest data.

REFERENCES

1. R. D. Cheverton et al., Martin Marietta Energy Syst ems, Inc., Oak
Ridge Natl. Lab., Pressure Vessel Fracture Studies Pertaining to
the PWR Thermal-Shock issue: Experiments TSE-b. TSU-5A, and TSB-6,
USNRC Report NUREC/CR-4249 (ORNL-6163), June 1985.*

2. R. D. Cheverton et al., Martin Marietta Energy Systems, Inc., Oak
Ridge Natl. Lab., Pressure Vessel Fracture Studies Pertaining to
the PWR Thermal-Shock Issue; Experiment TSE-7, USNRC Report
NUREC/CR-4304 (ORNL-6177), August 1985.*

3. R. H. Bryan et al ., Martin Marietta Energy Systems, Inc., Oak Ridge
Natl. Lab., Pressurized-Thermal-Shock Test of 6-in. -Thick Pressure
Vessels. PTSR-1: Investigation of Warm Prestressing and Upper-
Shelf Arrest, USNRC Report NUREC/CR-4106 (0RNL-6135), April 1985.*

|



, _ _ _ _ _ _ _

u

L 5
g

4. R.11. Bryan et al., Martin Mariet ta Energy Systems, Inc., Oak Ridge .
[

M Nat1. Lab. , Pressurized-Thermal-Shock Test of 6-in.-Thick Pressure
Vessels. PTSE-2: Investigation of Low Tearing Resistance and Warm

L Prestressing, 'USNRC Report NUREC/CR-4888- (ORNL-6377), December
1987.*'

f

5. D.~J. Waus et al., Martin Marietta Energy Systems, Inc., Oak Ridge
i Natl. Lab., Crack-Artest Behavior in SEN Widc Plates of Quenched

and - Tempered Ab33 Crade B Steel Tested Under 'Nonisothermal Condi-
tions, USNRC Report NUREC/CR-4930 (ORNL-6388),~ August 1987.*-

6. D. J. Naus et al., Martin Marietta Energy Systems,-Inc., Oak Ridge
I Natl . Lab. , High-Temperature Crack-Arrest Behavior in i b2-am-Thick :

SEN Wide Plat es of Quenched _ and Tenpered A b33 Crade B Class 1
Steel, USNRC Report NUREC/CR-5330 (ORNL/TM-11083), April 1989.*

7. R. Y. Schonenberg and D. M. Norris, " Moment Modified compact Ten-
sion Specimen for Measuring Crack Arrest Toughness," Nucl. Eng.
Des. 96, 277-86 (1986).T

8. Japan Melding Council, Structural integrity of Very Thick Steel
Plate for Nucicar Reactor Pressure Vessels, JNES-AE-7806,1977 (inu

Japanese).

9. T. Kanazawa, S. Machida, and T..Teramoto, " Preliminary Approaches
to Experimental and Numerical Study of Fast Crack Propagation and
Crack Arrest," Past Practure and Crack Arrest, ASTM STP 627, 39-58
(1977).T

10. N. Ohashi et al., " Fracture Toughness of Ileavy Section LWR Pressure
Vessel Steel Plate Produced by ' Basic 0xygen Furnace and Ladle
Refining Process," pp. 391-96 in Proceedings of the Fourth Inter-
national Conference on Pressure Vessel Technology, Vol. 1, 1. Nech.
E., 1980.*

11. T. Kanazawa et al., '!St.udy on Fast Fracture and Crack Arrest," Ex-
perimental Nechanics 21(2), 77-88 (February 1981).i

12. S. Machida, Y. Kawaguchi, and M. Tsukamoto, "An Evaluation of the
Crack Arrestability of 9% Ni Steel Plate to an Extremely Long Brit-
tie Crack," Journal of the Society of Naval Architects of Japan
150, 511-17 (1981)-(translation ORNL-tr-5052).i

13. T. Kanazawa, S. Machida, and 11. Yajima, "Recent Studies on Brittle
Crack Propagation and Arrest in Japan," in Pract ure Mechanics Tech- )
nology Applied to Material and Structure Design, C. C. Sih, N. E. '

Ryan, and R. Jones, Eds. (Martinua Nijhof f, The flague, 1983), pp.
L 81-100.

!
14. .Y. Nakano, " Stress Intensity Factor During Brittle Crack Propaga-

|- tion and Arrest in ESSO Specimens," pp. 204-9, in Proceedings of i

I

|
l

|
'



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

6

the '$8th National Symposium on X~ Ray Study on Deformation and
Practure soJJds, The Society .of Haterials Science, Japan, July
13-14, 1981. -Translated from the Japanese zairyo 31, W342, 4

pp. 204-9 (1982), received Aug. 24, 1981, ORNL-tr-4874.

15. A. Pellissier-Tanon, P. Sollogoub, and B. Houssin, " Crack Initia- {
tion and Arrest in an SA 508 Class-3 Cylinder Under Liquid Nitrogen i

Thermal-Shock," paper C/F 1/8, Vol. C/H, pp.137-42 in Transactions
^

of the 7th international Conference on Structural Nechanics in i

Reactor Technology,-Chicago, Aug. 22-26,.1983.T !
!

!

!
!

:
k

*Available for purchase from National Technical Information Ser- i

vice, Springfield Virginia 22161. |

TAvailable in-public technical libraries.
!

,

b

9

9

F

h

e

P

.

:

:

!

i

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



e

i
1

7

3. MATERIAL CHARACTERIZATION

3.1 INTRODUCTION

The steel plat e used3 to f abricate wide-plate specimens WP-CE-1 and
-2 conforms to the specifications of ASME SA 533 grade B class 1. A

limited amount of material charact erization was performed at the Oak
Ridge National Laboratory (ORNL) to determine various parameters re-
quired to analyze the wide plate testo.* One of these parameters is
reference temperature nil-ductility-transition (RTNDT). In accordance
vith Subartic1e NU-2330 of the ASNU holler and Pressure vessel code,
Sect. 111, RT is the higher of the drop-weight NDT temperature and

NDT
(T-33)*C, where T is defined as the temperature at which, for T-L orien-
tation Charpy V-notch (CVN) specimens, both 68 J and a lateral expansion
of 0.89 mm are attained. For this study, CVN impact tests in the L-T ,

'

and T-L orientations have been performed. The wide plate tests were
performed such that the crack propagation orientation is L-T. The tests
in the T-L orientation were performed to allow the tests reported in

For completeness, theRef. I to be compated and to determine the RTNDT.
tensile properties extracted from Ref. I have been included.

!

3.2 MATERI AL DESCRIPTION AND ALIDCATION

The two test sections used in the wide-plate tests were machined
'ir om an -5600 = 2800 = 244 ram plate of SA 533 grade B class 1 steei.
The location of the wide-plate test sections in the plate stock is shown
shaded in Fig. 3.1. The plate stock wt.s supplied by CE. The sections

( for the wide plate tests were obtained by sawing the 244-mm-thick plate
into two halves, each -120 mm thick, as shown in Fig. 3.2.

Because some of the wide plate test section material originated
from near the surface of the plate stock, tests were performed to deter-

| mine whether the material properties varied through the plate thickness.
| Posttest characterization was performed on material machined from a
| section flame cut from the broken halves of specimen WP-CE-2. The

|
approximate location in the overall test section of the material used
for posttest characterization is shown in Fig. 3.3. Specimens were
obtained from each of 4 layers and are identified as " layer 1," " layer
2," " layer 3," etc. The layout of the specimens is shown in Figs. 3.4
and 3.5.

3.3 DETERMlWATION OF RTNDT

Drop-weight testing was performed according to the AS7M Procedure
for Conducting Drop-Welght Test to Determine Ni!-Ducti1iLy T1ansiLinn

* Reference 1 presents more detailed information on characterization
of the plate material .

_ _
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Temperature of Territic steels (E 208-87a). A specimen type P-3 with a
single pass crack starter weld bead was used, and the test results are
shown in Table 3.1. The drop weight NDT temperature can be considered
to be -35'C because a 5 K difference found between layer 4 and the other
three layers is not considered to be significant. This result also
agrees with the -34.4*C (-30'F) drop-weight NDT value reported in Ref. I
for material characterization blocks 6 and 10. (Characterization blocks
6 and 10, shown in Fig. 3.1, were obtained from a location in the plate

,

stock that was in close proximity to the position where material was '

provided by CE for fabrication of specimens WP-CE-1 and -2. As noted in
Ref. 1, some variation in material properties occurs along the 5600-mm
length of the plate stock.)

CVN impact tests were perf ormed using specimens with a T-L orien-
tation obtained from each of the four layers at a temperatur2 of -2*C
(NDT + 33'C). The 68-J energy and 0.89-na lateral expansion require-
ments of ASME Subarticle NB-2330 were both fulfilled. More details on
the test results are given next in the section on CVN testing in the T-L

is -35'C.orientation. Accordingly, the RTNDT

3.4 CVN TESTING IN Tile L-T AND T-L ORIENTATIONS

The results of the CVN impact testing in the L-T orientation are
given in Table 3.2. The test results, together with a regression-fit
hyperbolic tangent, have also been plotted in Figs. 3.6 to 3.9. The
upper shelf energy (USE) for layer 1 is ~350 J. The onset of upper
shel f , as indicated by 100% shear, is at 50'C, and if judged from the
lateral expansion, it is at 25'C. The USEs for the other three layers
are only slightly less, ranging from -320 to 335 J.

The regression-fit hyperbolic tangent curves were used to compare
the CVN impact energy results from all four layers (Fig. 3.10). The
hyperbolic tangent curve fit parameters for the four layers tested in
the L-T orientation are given in Table 3.3. These curves reflect the
somewhat higher CVN toughness of layer 1 compared with the other three
layers in the upper transition and upper-shelf regions. At some temper-
atures, such as the upper transition, there is about a 25% dif f erence in
CVN impact energy between the various layers. Layer 3 also indicated
slightly elevate.d upper transition and upper-shelf CVN impact toughness
when compared with layers 2 and 4. Assuming the NDT temperature to be
-35'C, the energy level at the NDT temperature is at least 46 J. The
CVN impact toughness at the NDT temperature increases from 46 J in layer
1 to 69 J in layer 4. As calculated from the regression fit, there is a
consistent decrease in both the 41- and 68-J temperatures of 24 and
14 K, respectively, from layers 1 to 4. To analyze the results of the
large wide plate specimen tests, an average curve was derived by fitting
the hyperbolic tangent curve to all the CVN-impact energy test data in
the L-T orientation. The resultant regression parameters have been in-
cluded in Table 3.3 and are labeled " average." Note that the parameters
are almost the same as those for layer 3. This " average" curve is shown
in Fig. 3.10(b).

The results of the CVN impact tests in the T-L orientation are
given in Table 3.4. The curve fit parameters are given in Table 3.3.

1
1

i

|
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Table 3.1 Results of drop-weight testing on' .'

A 533 grade B class 1 material--for samples
.Laken at.various depths of specimen WP-CE-2

Test results
, . TM

- Specimen ' temperature No- NDT
( C). Break bd ('C). '

i

Layer 1 .

.

CE2108 .-50 / ,.

CE2107 -40 / :
,

CE2106- -30 / '(
CE2101 -35 /

*

CE2103 -35 / :

CE2104 -30 / !

-35 -

3,

Layer 2

CE2207 -35 /:

'CE2206 -30 / }
CE2202 -30 ./.

-35 _{
-1

Layer 3 .

i
"CE2305 -35 /

.CE2307 -40 /'
,

.CE2306 -35 / ;

CE2304 -30 /.
'

-

CE2301 -30 ./ .;

-35 '!

-Layer 4 i

CE2405 -20 / h
CE2407 -30 / i
CE2402 -50 / !
CE2403 -35- / .

CE2406 -35 / -[
CE2408 -40 / |

-40 |
; i

e

-~

- i
i. L

i. t

|

t
'

1

..

, - ..,...4.. , , _ _ _ , . ~ ,
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Table 3.2 CVN impact test results in L-T orientation
for material obtained from specimen WP-CE-2

Test CVN Lateral FractureSpecimen
temperature energy expansion appearancey*

('C) (J) (mm) (%)

Layer 1

CE2116 -75 6 0.08 0
'

CE2104 -50 15 0.23 13

CE2108 -25 47 0.76 18
CE2112 -25 79 1.17 24
CE2107 -25 60 0.97 18
CE2110' O 121 1.60 47 [
CE2105 0 161 2.06 52 |
CE2115 0 153 1.88 48 r

CE2101 23 179 2.31 70 [
CE2102 23 166 2.01 60 |
CE2100 23 177 2.11 62 !
CE2113 50 284 2.11 100 t

CE2106 50 263 2.13 100 -

CE2114 75 353 2.13 100 i

CE2111 100 341 1.83 100
CE2120 150 343 2.06 100
CE2103 150 347 1.93 100

!
CE2118- 200 340 1.80 100
CE2121 200 331 1.57 100 ;

CE2119 250 339 1.70 100
CE2117 300 335 1.70- 100

,

Layer 2 e

CE2114 -75 9 0.10 0 ,

i
CE2208 -50 17 0.25 11

CE2215 -25 48 0.74 23

CE2216 -25 50 0.76 20
*

CE2203 -25 59 0.86 23
CE2211 0 123 1.63 25 ;

CE2212 0 110 1.50 30
CE2204 0 110 1.42 18

CE2201 23 145 1.75 50
CE2202 23 179 2.08 70 -

CE2209 23 153 1.80 55 {
'

CE2206 50 229 2.29 100
CE2207 100 262 2.06 100 ,"

'
CE2218 150 303 1.80 100

L CE2213 150 310 1.65 100 j
CE2219 200 321 1.52 100 ;

*

CE2220 200 322 1.52 100
CE2221 250 346 1.63 100

| CE2217 300 304 1.42 100 <

.

.
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Table 3.2 (continued) ;

, ,

est stera Fracture |Specimen
' temperature energy expansion appearance t

,''
('C) (J) (mm) (%) {

r

Layer 3 i
;

CE2301 -75 8 0.00. 0 t

CE2307 -50 19 0.30 10 .|
CE2310 -25 67 0.94 28 .!

! CE2312 -25 82 1.17 25 -[

CE2308 -25 64 0.97 21 |
CE2302 0 114 1.60~ 20 1

CE2316 0 146 1.80 46 .

CE2306 0 127 1.65 38 'I

CE2305- 23 170- 2.01 65 !
CE2311 23 176 1.96- 50 ;

" CE2314 23 180 2.24 77 :
'

CE2315 50 248 2.31 100 .

CE2303 100 315 2.01 100 !

CE2318 150 318 2.01 100 i
CE2317 150 323 1.70 100 t

CE2320 200 339 1.68 100.
CE2321 200 340 1.50 100 t

CE2309 250 320 1.52 100'
_ '-

-- ;

CE2319 300 323 1.65 100 |

Layer 4

CE2411 -75 10 0.13 0 ;

CE2401 -50 36 0.48 18 ,

CE2413 -50 45 0.71 13 [
CE2414 -25 105 1.42 30

'

CE2404 -25 91 1.30 27

CE2407 -25 72 1.04 21 e

CE2405 0 122 1.75 45
CE2406 0 111 1.50 52

'
CE2415 0 145 1.93 50

"

CE2416 23 163 2.03 40
i

CE2403 23 166 2.11 52

CE2412 23 162 2.18 75 :

CE2409 50 219 2.29 100 ,

CE2402 150 285 1.96 100
CE2420 150 305 1.55 100

J CE2421 200 342 1.63 100 -i
CE2418 200 326 1.60 100
CE2417 250 337 1.68 100 i

CE2419 300 -341 1.65 100 |

:
i-

I

. . - . - , - .--
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Table 3.3 Form of hyperbolic tangent equation used in.,

the regression analysis and the resulting curve fit
parameters for material obtained from four
layers of specimen WP-CE-2 in the L-T and

T-L orientations (NDT = -35'C)

E = (A/2) (1+tanh[B(T-C)]}8 . Temperature
8Layer E at (*C)

No. A B C NDT

(J) (*C 3) (*C) 41 J -68 J

L-T orientation

1 345 0.01878 15 46 -38 -22
2 317 0.01537 23 46 -40 -20
3 330 0.01615 17 53 -44 -25
4 332 0.01143 24 69 -42 -36

Average 330 0.01616 17 52 -43 -25

T-L orientation

1 233 0.01783 8 42 -35 -17
2 240 0.01561 13 44 -38 -17-
3 273 0.01197 18 60 -54 -28
4 228 0.01419 -2 64 -56 -32

Average. 244 0.01453 9 53 -46 -24

*E = CVN energy at temperature T (*C)
A = USE

B = related to slope of curve-in transition region

C = temperature corresponding to energy equal to one-half
of USE

The CVN results for each of the four layers have been plotted in
Figs. 3.11-3.14. Comparisons of the regression curve fits are shown in
Fig. 3.15. The through-thickness variations between the various layers
in the T-L orientation are consistent with those exhibited in the L-T
orientation. The CVN-impact energy level at NDT increased from 42 J in
layer 1 to 64 J in layer 4. Similarly, the 41 and 68-J temperatures
decreased 21 and 15 K, respectively. An " average" regression curve was
fitted to all the CVN-impact energy test data in the T-L orientation.

'The regression-fit parameters are included in Table 3.3, and the curve
is.shown in Fig. 3.15(b).

Testing in the T-L orientation was not performed at temperatures
>200*C.. Moreover, in view of the scatter at these higher temperatures
in some of the layers, more testing is needed to provide a better sta-
Listical basis for judging the USE. Test results at 200*C imply that
the upper-shelf CVN impact energy has not yet been reached. The CVN

> . --- _ - .
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Table 3.4 CVN impact test results in T-L orientation
for material obtained from specimen WP-CE-2

Test- CVN Lateral FractureSpecimen
temperature energy expansion appearancey*

('C)- (J) (mm) (%)

Layer 1
'

CE2134 -75 3 0.08 0
CE2131 -50 7 0.10 0
CE2143 -50 9 0.15 0

- CE2132 -25 55 0.86 13
CE2149 -25 70 0.99 22
CE2135 -2 91 1.42 29
CE2144~ -2 104 1.63 38
CE2147 -2 113 1.57 33
CE2138 0- 88 1.24 _26
CE2141 0 95 1.45 34
CE2140 23 154 2.03 59 rs

CE2150 23 163 2.03- 52
CE2145 50 176 2.16 92
CE2137 50 179 2.11 86
CE2146 75 208 2.24 100
CE2133 75 225 0.16 100
CE2136 100 198 2.11 100
CE2142 150 208 2.13 100
CE2148 150 222- 1.83 100
CE2139 200 290 1.65 100

Layer 2

CE2233 -75 7 0.13 0
CE2242 -50 11 0.23- 'O
CE2243 -50 16 0.28 0
CE2247 -25 46 0.71 13

CE2248 -25 52 0.74 18

CE2244 -2 97 1.45 33
CE2237 -2 97 1.42 37
CE2238 -2 119 1.65 43
CE2234 0 89 1.30 33
CE2235 0 95 1.45 38
CE2236 23 146 1.93 62
CE2231 23 156 1.83 50
CE2249 50 176 1.96 79
CE2250 50 178 2.08 92
CE2241 75 197 2.21 100

,'

CE2232 75 207 2.21 100
CE2246 100 194 2.18 100

| CE2245 150 236 1.96 100
CE2240 150 241 1,91 100
CE2239 200 272 2.01 100

,
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Table 3.4 (continued)
,

- i+

! -

'

"" * '#" ## "#"';

Specimen
temperature. energy expansion. . appearance- e,

.

,

N* -('C)- (J). (mm). (%)

Layer 3'

'CE23331 :-75~ 10 -0.18 'O, 4i

CE2346~ -50~ 17 0.28 0 j
CE2339' -50 39 0.61 11 ;

^

CE2347 -25 36- 0.66' > l1-

CE2336 -25 80 1.12 27-
CE2337L -2 116 1.60 42'

'
2

CE2331 ~ -2 119 1.68 45
,

f:: -CE2348: -2 128 :1.52 - -43-
CE2341 0 102- -1.47- 31'
CE2349- 0 112- -1.60 40
CE2334 23 150 1.80 66 .!
CE2350 23 :155 1.91 53
CE2340 50 192 2.26 100

'
CE2332 50, -201- 2.39 100
CE2338 75- 195 -2.18 100 . *

CE2344 75 212 2.21 100
CE2345 100 201 2.16 100 ;

CE2343 150 206 2.03 100
CE2342 .150 296' 2.26 100
CE2335, 200 320 1.57- 100

F

Layer 4

CE2431- -100 5 0.03 0
'

CE2440 -75 12 0.25 0
CE2433 -50 40 0.64 3

CE2444 -50 44 0.66 13
CE2446 -25 79 -1.17 23
CE2438 -25 88 1.24 16 *

CE2443 -7 107 1.52 43
CE2434 -7 109 1.66 45
CE2450 -7 114 1.60 42
CE2432 0 107 1.47 52
CE2442 0 111 1.55 43
CE2435 23 154 1.98 67
CE2447 23 172 2.11 76
CE2448 50 180 2.13 100
CE2449 50 206 2.31 100
CE2437 75 183 2.16 100

,CE2439 75 189 2.21 100
CC2445 100 202 2.13 100
CE2441 150 204 2 .1.1 100
CE2436' 200 276 1.93 100

. _ . . _ - _. _ . _ __ _-______-__!
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(b) percent ductile fracture, and (c) lateral expansion.
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upper-shelf impact energies in the T-L orientation from this study are
significantly higher than those reported in Ref. 1. For instance, 1Ref. I reported USEs in the range 183 to 203 J, and the present results "

range from 228 to 273 J. Also, the 68-J transition temperature reported
in Ref. 1 is -18'C, whereas present results from the various layers
range from -17 to -32*C.

-The RTNDT of the SA 533 grade B class 1 material tested is -35*C
and was governed by the drop-weight NDT temperature. No significant
differences in the CVN impcet toughness for the various layers in either
of the two orientations tested were found. The average upper-shelf-
toughness in the L-T orientation for all four layers tested is -330 J.

,

In the L-T orientation, the onset of upper-shelf as determined by the 1

100% ductile fracture criterion is -50*C, and the average 68-J transi-
tion temperature for all four layers is -25*C.

The tensile properties f rom Ref. I are given in Table 3.5. The
data originated from blocks numbered as 6 and 10 in Ref. 1 (see
Fig. 3.1). As mentioned previously, some variation of properties occurs
along the 5600-mm length of the plate, and characterization blocks 6 and
10 are the closest to the location where wide plate specimens WP-CE-1
and -2 were obtained.

3.5 FRACTURE 'lVUCilNESS RELATIONS

Fracture-toughness relations for crack initiation and arrest were
assumed to be of the same form as those developed for the WP-1 test
series that also used A 533 grade B class 1 material but from another
heat 2; that is,

NDd
KIc = 51.28 + 51.90e .036 (3.1)o

,

NDNK , = 49.96 + 16.88e .o29 (3.2)oy ,

with units of K and T being megapascals per root meter and degrees
LCelsius, respectively. As noted previously, drop-weight and CVN test
data resulted in an RTNDT of -35*C for the WP-CE material.

The dynamic fracture-toughness relation for the plate material is
written as

KID " Kla + A(T)a2 (3,3),

where K , is given by Eq. (3.2). Fory

T - RTNDT > -13.9 C ,

A(T) = [329.7 + 16.25 (T - RTNDT)] x 10-6 MPa st m-3/2 ,

_ __ .___-__ ______ _ _ _ . - _ _ _ _ _ - _ - _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .
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Table 3.5 Room- end elevated-temperature tensile properties
8of SA 533 grade B class 1 materia 1

#*"E
. Test . .

Block Location Spec.imen Elongation- Reduction

No. (t) code Yield Ultimate (%) (%)
,

(.C) (MPa) (MPa)

6 1/4 253 RT 399 561 29 69
6 3/4 256 RT 390 553 32 74

6 3/4 251 66 423 552 29 71

6 3/4 252 66 401 530 29 72

6 1/4 254 93 404 538 29 70
6 3/4 255 93 421 546 31 70 g

6 1/4 257 12) 395 524 29 73
6 1/4 25A 121 390 517 29 65

10 3/4 2K6 RT 400 554 27 67
10 1/4 2KD -RT 394 555 30 71

10 1/4 2K7 49 382 533 28 73
10 3/4 2KC 49 .395 542 29 72

10 1/4 2KE 66 410 558 28 70
10 3/4 2KB 66 422 555 26 68

# From EPRI NP-5121SP (No. 130), Test and Analyses of Crack Arrest in Reactor
ressel Materials, Appendix G, "Haterial Characterization."

,



1

31
.

|

|
and for

1

l
|

T - RT s -13.9 C ,NDT

A(T) = [121.7 + 1.2962 (T - RTNDT)) x 10-6 MPa.s2.m-3/2 I,

Units for KID, A, and T are megapascals per root meter, meters per
second, and degrees Celsius, respectively. The form of the KID expres-
sion in Eq. (3.3) and relations for A(T).are derived from Ref. 3 by
estimating that RT = -6.1 C for the material used in that study.NDT
Much of the data used in Ref. 3 are presented in Ref. 4.

.
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4. SPECIMEN PREPARATION, INSTRUMENTATION,
AND TESTING PROCEDURE

^ 4.1 SPECIMEN PREPARATION

The Wp-CE-1 and -2 test articles (1 = 1 x 0.1 m), shown schematic-
ally in Fig. 4.1, were machined and precracked by ORNL before they were
sent to the National Institute of Standards and Technology (NIST). -The
precracking was done - by hydrogen charging an electron-beam (EB) weld-
(Fig. 4.2) located at the base of a premachined notch.1 The notch
(a/w - 0.2) is composed of a 25.4-mm-wide gap that is machined to a
depth of 187 mm ("X" in Fig. 4.1) plus the EB weld generated crack that
has a depth of ~12.7 mm at the end of the gap. Each face of the speci-
men is side grooved to a depth equal to 12.5% of the plate thickness,
and the grooves have a 0.025-cm-root radius. The initial crack is

perpendicular to the rolling direction. The crack front of each speci-
men is then cut into~ a truncated chevron configuration, shown in Fig.
4.3, to reduce the tensile load required to achieve crack initiation.
Table 4.1 ' presents dimensions for test articles WP-CE-1 and -2.

Upon receipt of the test article from ORNL, NIST welded it to pull
plates, which were nominally 103 mm thick. The pull tabs at the end of
the pull plates were strengthened by being 152 mm thick. Figures 4.4(a)
and (b) give dimensions for each of the test specimens. Before applica-
tion of the axial load, the out-of plane deviation of each of the wide-
plate assemblies was determined as a function of axial position from the
top load pin; the results are presented in Figs. 4.5(a) and (b).

4.2 INSTRUMENTATION

To obtain pertinent data during each test, the specimens were
instrumented with five types of devices: thermocouples, strain gages,
crack-opening-displ acement (COD) gages, accelermometers, and a displace-
ment transducer. Reference 2 gives more detailed information on speci-
men instrumentation than that presented below.

as shown inpositioned on each specimen,Forty thermocouples were
Fig. 4.6. The thermocouples were attached by inserting and gluing them
into 1.5-mm-diam by 3-mm-deep holes that had been drilled in each speci-
men. The hole and thermocouple were then covered with a protective
silicone coating. Additional thermocouples, not indicated in Fig. 4.6,
were used to control heating and cooling of the wide picte specimen.
All thermocouple lead wires were connected to copper lead wires in an
insulated . junction box whose temperature was measured by a resistance
temperature detector that was monitored by a digital ohmmeter and data
logger. The thermocouples were sequentially monitored periodically and
corrected for room temperature, and the results were both recorded on
magnetic tape and displayed on the computer screen. During the heating

.

and cooling processes, the 20 thermocouples adjacent to the crack plane
L

(0-19 in Fig. 4.6) were displayed graphically in real time to indicate
I the relationship between the actual and desired thermal gradient across

!
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Fig. 4.1. Schematic of IlSST wide plate crack-arrest specimen.

Table 4.1. ' Detailed dimensions of wide plate
crack-arrest specimens WP-CE-1 and -2.

Dimension
Specimen (mm)a

3Yfeature
i. WP-CE-1 WP-CE-2

Ini'tial crack length a, 200 201
Thickness B 101.7 101.8
Notch thickness B 76.3 76.2N
Chevron thickness B 40.0 40.4C(thickness at a )o DWidth W 1000 999.5

8See Fig. 4.3 for definitions of symbols.
bNot shown in Fig. 4.3.

I
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the specimen width. The other 20 thermocouples were used to indicate
the temperature distribution at other positions on the specimen and pull
plates during a test for use in postlest analysis.

Twenty-five strain gages were positioned on each specimen to pro- s

vide dynamic strain-field measurements for determination of crack veloc-
ity and to provide far-fleid strain measurements for assessing boundary
conditions. Strain gage locations used for test s WP-CE-1 and -2 are
shown in H g. 4.7. -The crack-line gages (1-20 in Fig. 4.7) were two-
element, k stacked, 350-0 Karma alloy (nicket-chromium alloy) gages on
a polyimide backing. Outputs of these gages were proportional to the
difference between the longitudinal and transverse strains. -Near- and
far-field strain gages were uniaxial 350-0 constantan alloy gages on a
polyimide backing. The gages were attached to the plates by using an
elevated-temperature-cured epoxy. All gages were connected to low-
reactance bridges (half-bridge configuration for crack-1ine gages), the
imbalances of which were amplified by wide-band dif ferential amplifiers.
The strain gage signals were recorded by a multichannel, wide-band, fre-
quency-modulated, magnetic- tape recorder, shown schematically in

Fig. 4.8.
Additional instrumentation included capacitance-based COD gages

mounted on the plate front and back faces at a/w = 0.15. The gages
measured the displacement between points 30 mm above and 30 mm below the

ORNL DWG 8841960 ETD
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crack plane. Accelerometers were installed 3.697 m above and 3.711 m
below the crack plane on the centerline of specimen WP-CE-1 and 3.714 m
above and 3.710 m below the crack plane on the centerline of specimen
WP-CE-2. In addition, - a displacement gage was mounted in the same
location as the lower accelerometer on specimen WP-CE-1. For specimen
WP-CE-2, the d i s pl acement gage was mounted on the specimen centerline- 1

5 mm above the lower accelerometer. The displacement gage measured the
movement of the point on the specimen where it was attached relative to
that of the large columns of the testing machine.

h

4.3 !! EATING, C00LINC, AND INSULATION SYSTEMS

After the specimen was. instrumented, it was placed into the NIST
testing machine, as she"n in Fig. 4.9, and eight individual electric-
rcsistance strip heatm . were attached to the back edge of the plate. I

Each heater was 2.8 cm wide with a heating element length of 61 cm and
was rated at 1.9 W/cm2 The heaters were attached to the plate in pairs
and were backed with 1.3-cm-thick sheets of insulating board (Marinite
1) to hold the heaters against the plate surface and to provide insula-
tion. The heating level during a test was controlled by two means:
(1) a Variac transformer, which adjusted the power level or output of ;

each heater, and (2) separate on/off temperature controllers, which {
interacted with thermocouples at the edge of the plate to regulate two j
zones of heating. The primary heating zone was formed by two pairs of
heaters attached to the specimen edge above and below the fracture
plane. The second heating zone, consisting of the areas on either side
of the first zone, was heated by two outward pairs of heaters. Tempera-
ture levels in the two zones were independently controlled to better. I

achieve and maintain a linear thermal gradient across the specimen. i

One edge of the specimen was cooled by spraying liquid nitrogen
(LN ) onto the specimen's notched edge. A 2.6-m-long insulated chamber !2

was affixed to the edge, equally spanning both sides of the notch. 1

The LN was pumped into the chamber and sprayed directly onto the speci-2

men surface through a copper-tube manifold consisting of sprayers at 18-
cm increments. The cooling level could be controlled by two methods.
Initially, when establishing a linear thermal gradient, the temperature
was controlled by adjusting the LN flow rate by manually setting a hand

2

valve. When the desired temperature was achieved, that level was main-
tained by controlling the LN flow with an on/off temperature controller d2
interf aced with a thermocouple at the cold edge of the specimen. The j
temperature controller powered an electric solenoid gas valve that regu- j
lated the flow of LN into the cold chamber. /2

Two types of thermal insulation were used to insulate the front and
back faces of the specimen. On the hot side of the plate, 5-cm-thick,
61-cm-wide mineral wool bats were used. The bats were positioned on the
specimen face at the verticel centerline of the specimen and extended
beyond the heated edge and the strip heaters. The cold side of the
plate was insulated with 61-cm-wide, 5-cm-thick styrofoam sheets, which
butted up against the mineral wool at the specimen center and extended
beyond the cooled edge or to the cold chamber. The cold chamber was
insulated with 2.5-cm-thick styrofoam sheets. All insulation was held

_ - - _ _ _ - _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ _ - - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ .
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- tight. against the plate surf ace and, in= total, covered an area 3 m above
and 3m below the fracture plane on both the front and - back faces.
Additional- mineral wool' and styrofoam . insulation were placed on the
specimen. edges above and below the heaters and cold chamber to' cover the
same length on the: specimen as the back and front face insulation.

~

4.4 TESTING PROCEDURE

After insulating'the specimen, all-instrumentation was attached to
the data acquisition. systems and checked out to demonstrate that ' all
systems were operational. 'A temperature gradient was imposed across the
plate by cooling . the notched . edge with LN while heating the other.

2

edge.* Liquid-nitrogen flow and power to the heaters were continuously.
adjusted to obtain the desired thermal gradient. Final calibrations of
strain gages, COD-gages, and the load cell were completed just before
beginning specimen' loading. Tensile load was then applied to the speci-
men at a rate of 9.6 to 24 kN/s until f racture occurred. Details of
each test are presented in the-next chapter.
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* Specimen WP-CE-2 was warm prestressed before imposing the thermal

'

gradient. Details are presented in Sect. 5.1.2.
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4; 5. SUMMARY OF WIDE-PLATE CRACK-ARREST
TESTS WP-CE-1 AND -2

Table 15.1 summarizes the general conditions for wide plate crack-
arrest tests WP-CE-1 and -2 (test specimen dimensions were presented in
Table 4.1). Transverse temperature profiles at the approximate time of
crack-initiation events are summarized in Fig. 5.1. Figure 5.2 presents
the fracture surface for each specimen. The remainder of this section
is a brief summary of each test and pertinent results.

5.1 TEST DESCRIPTION SUMMARY

5.1.1 Test WP-CE-1

Test WP-CE-1 was the first wide plate crack-arrest test that used
the A 533 grade B class 1 material provided by CE.1 After obtaining a
satisfactory thermal gradient (Fig. 5.3), the specimen was loaded at an
average rate of 24 kN/s. At a load of 10.14 MN, cleavage crack propaga-
tion initiated with a stable arrest occurring at a/w = 0.37 on the plate
front face and at a/w = 0.42 on the plate back f ace. After holding the
load constant for 150 s, loading was reinitiated at 24 kN/s. At a load
of 15.26 MN, fibrous crack propagation began and was then followed by a,

rapid drop in load to ~4.4 MN (Fig. 5.4). After maintaining the load at
this value for ~30 s, loading was reinitiated at 24 kN/s until at a load
of 6.34 MN, compl ete separation of the plate occurred. Examining the-
fracture surface and strain gage records indicated that one cleavage
crack run-arrest event occurred before the onset of ductile tearing.

5.1.2 Test WP-CE-2

Before testing, specimen WP-CE-2 was warm prestressed at room tem-
perature (-25*C) by slowly loading it to 14 MN,- holding the load con-
stant at this value for 5 min, and slowly reducing the load to 5 MN.
Figure 5.5 presents the load history and load vs COD results during warm
prestressing. While maintaining the load constant at 5 MN, the thermal
gradient was developed. After obtaining a satisfactory temperature
profile (Fig. 5.6), the specimen was loaded at an average rate of 9.6
kN/s. At a load of 14.6 MN, cleavage crack propagation initiated, and
within a 4-ms interval, three crack run-arrest events occurred. After
the third crack run-arrest event, the load rapidly decreased to 7.9 MN,
followed by a slow continued drop in load with time, as shown in Fig.
5.7. While the load was slowly decreasing, an attempt was made to
increase specimen loading; however, ductile tearing occurred. Final
separation of the plate occurred 55 s after the three crack run-arrest
' events.
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Table 5.1.- Summary of HSST wide plate crack arrest test conditions
'

for A 533 grade B class 1 steel: tests WP-CE-1 and -2

Crack Crack-tip Initiation Arrest Arrest Arrest'est location-' temperature load location. temperature' T - RTNDT9'
(cm) (*C) (MN) (cm) (*C) (.C)

WP-CE-1 20.0a -34 '10.14 42.0b' 36' 71

WP-CE-2A 20.08'C -40 14.60 46.6d 42 .77 &
WP-CE-2B 46.6 42 14.60 50.4d 53 88 *

?
WT-CC-2C 50.4 53 14.60 .52.5d 60 95.

dCrack front cut to truncated chevron configuration.
bPlate back-face location. The' arrest location at the plate. front 1 face was at

a/w = 0.37 where T - RTNDT = 58"C.
CSpecimen was warm prestressed to 14 MN at 25'C.
dPlate front-face location.

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



46

5.2 TEST RESULT SUMMARY

5.2.1 Test WP-CE-1

Figure 5.2 shows the fracture surf ace of specimen WP-CE-1. Note
that one-cleavage crack run-arrest event occurred during the test, with
clear delineation of the cleavage arrest. Also' note that the fibrous
fracture appearance for this material more closely resembles that
obtained witL the Wp-2 series material (low-upper-shelf)2 than with the t

Wp-l series material (A 533 grade B class 1).3.4 The entire fracture
surface produced by this test remained in the plane of the side grooves.
The reduction-in-thickness contour map for the specimen is presented in
Fig. 5.8. As noted in the figure, the greatest reduction-in-thickness
measured was 10%, the largest value obtained so far in any of the wide-
plate crack arrest tests. Also, as previous tests have shown, signifi-
cant reductions-in-thickness occur only af ter the location corresponding
to the arrest point (i .e. , a/w > 0.37 f or test Wp-CE-1).

Figures 5.9 and 5.10 presmit strain histories for companion crack-
line gages mounted on the front and back surfaces of the plate. Figure
5.9.shows the cleavage crack passing strain gages 1-4 and 13-16. Figure
5.10 shows the crack arresting before reaching strain gage 5 at the
plate front face and passing strain gage 17 but arresting before reach-
ing strain gage 18 at the plate back f ace. Figure 5.11 presents-highly
amplified strain histories for crack-line gages 9-12 mounted on the
plate front face. Strain histories for near- and far-field gages 21-24
are presented in Fig. 5.12. Long-time (60-ms) strain histories for
near- and far-field gages 21-24 are presented in Fig. 5.13. Short- (6-
ms) and long- (60 s) time strain output from far-field gage 25 is pre-
sented in Fig. 5.14. Long-time (60-ms) records for strain gages 5-8 in
Fig. 5.15 and strain gages 17-20 in Fig. 5.16 provide some indications
of reinitiation and arrest events, but the fracture surface does not
clearly rellect their occurrence. Figures 5.17-5.21 present strain
histories for selected gages for the period of ductile tearing.
(Results for strain gages 5-10, 15, and 17-20 are not available because
of the large amount of plasticity that occurred following arrest to

uninte rpretabl e . ) Note thatrender the gages either inoperable or
although the time scales in Figs. 5.17-5.21 have been synchronized, the
time zero does not necessarily correspond to the onset of ductile frac-
ture because it could not be unambiguously identified.

The strain gage records and fracture surf ace were used to deduce
the crack length (apparent position of crack front) during the f racture
process, and the results are summarized in Table 5.2. In the table, the

strain gage positions are modified from those shown in Fig. 4.7 to
account for the fact that the peak strain occurs at an angle of 72* in
front of the crack tip. Figure 5.22 presents a plot of crack position
vs time derived from the front-face and back-face strain gage results up
to the time corresponding to arrest of the cleavage crack propagation.
(Because of the large amount of plasticity that occurred after arrest,
many strain gages became inoperative or uninterpretablel therefore, the
crack-front position vs time could not be evaluated during fibrous f rac-
ture.) Results (a/w > 0.229) indicate that the crack front advance at
comparable elapsed times during the cleavage crack run-arrest event was

|

l

I
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,I, Table'5.2. C ra c'.4 position vs time and,

velocity test Wp-CE-1
6 4

.'
,

b
Indlcatora s n. me . e ciLy

(mm) (ms) (m/s) +

!!
-

-

.{
Front-face measurements

Initial crack 200 0
,

B' 853,
' SCl- 229- 0.034

741
SC2 269 0.088:

! 690- !. . .
' " '

SG3 -309 0.146
l '526

SG4- =349 0.222 I
'

.

244
Cleavage arrest :370 0.308

>

Back-face measucceents

= Initial crack -200' 0
853

=SCl3 229- 0.034
1538

F SG14 269 0.060 -)
'i

'SCIS-
.

952F
,

309 0.102
513

SC16 349 0.180
-435

:SG17 389 0.272
*'337

Cleavage arrest 420' O.364

"St rain gage : positions in the table are all ;

reduced ' by 21 mm f rom the actual gage - position i

shown - in Fig. o 4.7 to account for the fact that '

the peak strain occurs- at an angle- of 72* in
'

front of the crack Lip.

bVelocity is an average calculated velocity
for crack propagation between indicator points.

E,
,

,

more rapid near the back face of the plate than near the front face. As
- noted earlier, no results are available for the period of ductile tear-

i n g '.

Front- and back-face COD (F and B-COD) histories for both short
(6-ms) and long (60-ms) times are presented in Fig. 5.23. Longitudinal

I
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accelerations recorded by " damped" accelerometers mounted on the speci-
men's centerline at 3.714 m above (top) and 3.710 m below (bottom) the
crack plane are presented in Figs. 5.24 and 5.25, respectively. Dynamic
displacement of the specimen, relative to that of the large columns of
the testing machine, as measured 3.710 m below the crack plane, is
presented in Fig. 5.26 for several time resolutions.

5.2.2 Test WP-CE-2

Figure 5.2 shows the fracture surface of specimen WP-CE-2. There
are _ three distinct cicavage crack run-arrest events, with the third
event being composed of two events (i.e., one event at the plate front
and one.at the plate back face). As the crack propagated, it deviated
from the side grooves, reaching -1 cm f rom the plane of the side grooves
at the furthest extent of cleavage crack propagation. After loss of
cleavage, crack propagation returned to the plane of the side grooves.
Figure 5.27 is the posttest reduction-in-thickness contour map.

Figure 5.28 presents strain histories for companion crack-line
gages mounted on the front and back f aces of the specimen. The strain
gage records show cleavage crack propagation past the companion crack-
line gages. Figure 5.29 shows the cleavage crack passing gages 5 and 6
on the plate front face and gages 17 and 18 on the back f ace. Strain
histories for gages 6 and 18 also show arrest of cleavage crack pro-
pagation just past the gages, as well as evidence of additional cleavage
crack run-arrest events. Reinitiation of cleavage crack propagation at
t =2 ms with the crack propagating past gages 7 and 19 with arrest
occurring before gages 8 and 20 is shown in Fig. 5.30. Also shown in
the figure is reinitiation of cleavage crack propagation at t - 4 ms at
the back face. The crack appears to pass gages 8 and 20 before arrest-
ing, but interpretation of the strain results is difficult because of
plasticity effects. Lor.g-time strain histories (70 s) presented in Fig.
5.31 for companion crack-line gages 7-8 and 19-20 show that the strain
levels indicated for these gages were fairly constant before reloading
and the occurrence of ductile tearing. Short-time records for gages

~.32 indicate that gages 9--11 broke sequentially9-12 shown in Fig. )
several milliseconds after the last arrest, apparently because of the
occurrence of an extensive plastic zone. Cage 12 however, did not break
until -24 s after the arrest event, with the break occurring during
reloading while ductile tearing was taking place. Figure 5.33 (a) and
(b) presents the strain histories for intermediate-field' gage 21 during
the cleavage crack run-arrest events and while ductile tearing was
occurring. Figure 5.34 presents strain histories for far-field gages
22-25 during the cleavage crack run-arrest events, and Fig. 5.35 pre-
sents strain histories for these gages while ductile tearing was taking
place.

The strain gage records and fracture surf ace were used to deduce
the crack length (apparent position of crack front) during the fracture

process, and the results are summarized in Table 5.3. In the table, the

strain gage positions are modified from those shown in Fig. 4.7 to
account for the fact that the peak strain occurs at an angle of 72* in
front of the crack tip. Figure 5.36 presents a plot of strain gage-
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m
-t - Position'' : Timir

~

b-

Indicator _i -g ,,).,
Veloci.ky - |-

4 +- a-
g) .) g,j,) ;7 ,

<

ik
_

,i;|;
-.

' ' ' '

, , -
'rront tace nessurements; '

"'

ur s ' *
+ ... . .. . . . . . ..

DN.. _ Initial crack 1 - 2 01 < - --; 0 . fEh e#h;j. .

13332 M
sTW 7 , .

.
,

. , *( . j .. - - r
' ^'SCI = '229, ,0.021,_

%e
r ; u'

.

' 26 9 -' -0.037-.
.2500^.

1

'
... ,. .. .

.

j- - ' 3C2
976-

_'
,..

il
'

i 8C3: 309 - 0.078,

T .ll4~
!!!!-> 2

1Y ' i SC4 O
~

g>, _ U . ,' . ' 549 ' s '
-1 - 851..

~

f SC5 :-. , 389 : -0.1611- -

ij
x+< '

7,4

iN ^ > "
"

'
SC6 I429'-- 0.2175

*

1.1. .
. .

'. - 451.
W
-|3 NT ^

tFirst arres't J466 'O.299'' -A
-

'

_ _ , .O'
i 1Reinitiation -1 466- <l.899

- 100,.

.469 >1.929'- SC7 2:' '

[ 'Second arrest 504 1.995-
* ~

. 0
..Reinitlation' ! 504 3.753'

'

,

71-- - " '

+ _ . 508 ~ 509 - 3.823 1
~

.. 118 . |
l? * " Third arrest: 525 .3.913

-BacA-(ace aitasurements,
I

_ init'lat crack -201 'O

. - r -? SCI) 229 0.034.
823 -t

.

. .' '

E-N .:
-r-

. 285?- ''

t.; i SCl4 269 0.0481.

= ' . -+~ -

'
. 952-

, -SCIS 309- ~0.090

.scl6-
. . . .. 1143.

349 0.125 ..

'

. . .. =833-
SC17 389- '0.173

4 - g33.-s

'SC18 429.
.

0.221
375'

::+i
~

First arrest ~456 0.293
,

. O
Reinitiation 456 1.927

464
5C19 '469 1.955

875'
SeconJ arrest 504 1.995

& 0
R= initiation 504 7.961 ~',,

,

167--
SC'20 509 7.991.4

. -P 247|
Y Third arrest 546 8.141

- , * Strain gage positions in the table are all
i reduced by 21 mm from the actual gage position

shown in. Fig. 4.7- to account for the fact that
the peak strain occurs at an angle of 72* in,

front of the crack tip.
q

bVelocity is an average calculated velocit y ff or c rack propagation between indicator points.
j
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derived crack-front position vs time from the front-face and back-face
'strain-gage results.up to the time sortesponding to arrest of'the third

cleavage erack propagation. This figure indicates that the crack front
'advance was consistent at the two plate f aces up to arrest of the second

cleavage crack propagation. Also as noted in the figure, rein' ation I

'

of crack propagation after the second t.leavage crack run-arret. event
occurred first at the plate front face. 'F-COD and B-COD histories at two time resolutions arm presented in-
Fig. $.37. Longitudinal accelerations recorded by " damped" accelerom- -

eters mounted on the specimen's' centerline at 3.697 m above (top) and '

presente'd in Eig $.38. EO.711 m below (bottom) the crack plane: are
Dynamic displacement of th? specimen, relative to that of the large :

-columns of the testing machine, as measured 3.706 m bt) ov the crack +

plane, is presented in Fig. 5.39 for several time resolutions. ;
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6. POSTTEST ANALYSES, CRACK-ARREST 'It)UCllNESS RESULTS,
AND COMPARISON OF DATA WITil OTilER

LARCE-SCALE TEST RESULTS

6.1 POSTTEST ANALYSES
[

Posttest analyses were conducted for wide plate crack-arrest tests
WP-CE-1 and -2 to- investigate the interaction of parameters (plate
geometry, material properties, temperature profile, and mechanical load-
ing) that affect the crack run-arrest events. Three-dimensional (3-D),
static, finite-element analyses were performed to determine the static
stress-intensity factor at the time of crack initiation. These analyses
were conducted using the ORMCEN/ORVIRT fracture analysis systemi,2 in
conjunction with the ADINA-84 finite-element code.3 Quasistatic analy-

the ORNL computer code WPSTAT* to evaluate static stress-inten-ses use
sity factors as.a function of crack length and temperature differentia 1'
across the plate. WPSTAT also categorizes arrested crack lengths in

| terms of three types of instability limits: reinitiation, tearing

| instability, and tensile instability. Two-dimensional (2-D) elasto-
dynamic analyses were carried out using the ADINA/VPF dynamic crack
analysis code.5 This code is capable of performing both application-
mode and generetion-mode analyses. In the application-mode analysis,
the crack tip ic jropagated incrementally when K , the dynamically com-y

puted stress-intensity factor, equals the specified dynamic fracture-
toughness value Kjg, which depends on the crack velocity a and the tem-
perature T [Eq. (3.3}}. In the generation-mode analysis, the crack tip
is propagated incrementally according to a prescribed crack position-vs-

,

time relationship, and values of fracture toughness are determined from
the dynamically computed K. For both modes of analysis, the dynamic

y

stress-intensity factor is determined in each time step from the dynamic
J-integral containing the appropriate inertial and thermal terms.

6.1.1 'Postlest Analyses of Test WP-CE-1

6.1.1.1 Posttest 3-D static analyses

The 3-D finite-element model incorporated a segment of the plate
assembly that was 4.6930 m long f rom the crack plane to the top of the
load pin hole. The crack-tip region of the model included the chevron
cuteat, the side grooving, and the edge notch, the dimensions of which
are shown in Table 4.1. Based on symmetry conditions that neglected
out-of plane eccentricity, one quarter of the partial pull plate

assembly was modeled using 3751 nodes and 720 20-noded isoparametric
elements.

The thermal deformations computed from a posttest 2-D analysis were
superimposed on a 3-D finite-element model to account for the in plane
thermal bending effect in the 3-D analyses. The 2-D thermoelastic
analysis used a temperature distribution from a heat conduction analysis
based on assumptions that the heated and cooled edges of the plate were
fixed at T = 205.5'C and Tmin = -93.5'C, respectively, along a 2.4-mmax
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l'ength '(centered - relative to the . crack plane) and that the pull-tab ,
.

edges ' were maintained at T= 20.0'C. The edge . temperatures were se-
lected to yield a . temperature distribution in - the - crack plane- that >

agreed. (approximately) 'with the measured- values presented.in Fig. i

5.3(b). The remaining' surfaces of the assembly.wcre assumed to be insu- '

lated. The in plane thermal bending produced a load-line eccentricity-
- (through the top' of the load pin hole) of 2.26 cm relative to the geo-

metric center of the plate.
In the 3-D analysis, thermal stress effects were neglected, and a

uniform line', load statically equivalent' to the WP-CE-1 test initiation
load'of'10.14 HN was' applied at the location corresponding to the top of
the load pin hole. This' analysis resulted in a st'atic stress-intensity

,

factor of Kg = 160.2 MPa 6 at the center plane-of the plate at'the time>

of the first crack initiation. A ratio of K /Kic = 1.59 results fromj
comparing this - computed K value- with the static initiation value ofy

KIc = 104.5 HPa./m evaluated from Eq. (3.1)- by using a' crack-tip tem-
_ .

perature of -33.7'C.
,

.

Postlest 2-D static analyses J6.1.1.2

Posttest quasistatic 2-D analyses _for. both crack arrest-and crack
stability were done using the ORNL computer code WPSTAT.4 As described,

-in Ref. 4, the WPSTAT code--evaluates static stress-intensity factors as
a function of- crack length a and. temperature differential- AT =

T,,, - Tmin across the plate. These factors are computed for - fixed.

force cc,nd i t i ons K[(a, AT) and for fixed load pin displacement . condi-
"

tions KDSP (a, AT) by- superimposing contributions from tension and
g

bending finite element and handbook solutions.' Also, WPSTAT categorizes
arrested crack lengths in terms of the three types of instability limits
described below.

For test WP-CE-1, the proposed temperature profile was defined by
i specifying a crack-tip temperature of TCT = -30*C at x = 0.20 m and a

midplate temperature of Tgp = 50*C at x = 0.5 m, implying that Tmin "
-83.8*C and T 183.3*C. As indicated in Fig. 5.3(b), the tempera-=

max
ture - gradient actually achieved at the time of the run-arrest . event
deviated somewhat from the proposed profile in the region of 0.2 s x
-< 0.6. Consequently, the posttest WPSTAT. calculations of the static

factors K[ (a, AT) and Kf3E (a, AT) used the actual temperature profile

provided in Fig. 5.3(b) (i.e., TCT = -33.7'C and Tmid = 56*C). For this
specified temperature profile, the dependence of the arrested c rr.ck
length and crack stability on the applied initiation load F was in-n

-vestigated with WPSTAT, and the results are presented in Fig. 6.1.

Figure 6.1 includes the statically calculated final crack length arc, as
well as the instability-limit crack lengths for (1) reinitiation

rein (Fin), (2) tensile instability ali (Fin), and (3) tearing insta-a

bility al? (Fin). Because fixed-displacement conditions at the load
point are assumed to prevail during the nonarrest event, the calcelated

parametersinFig.6.1arebasedonthestaticfactorKfSP. The tensile

. - _ __ _-- -
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Fig. 6.1. Statically calculated crack lengths: test WP-CE-1.

instability calculation is based on the average stress in the remaining
ligament equel to an ultimate stress of = 5'30 MPa , which representsu
the lowest -value for the temperature range of interest. For the tearing
instability calculation, the material tearing resistance is assumed to

be represented by a pc,ver-law J-resistance curve JR = C(Aa)", where C =
0.3539, m = 0.4708, and the units of JR and Aa are megajoules per square
meter and millimeter, respectively. In Fig. 6.1, the statically com-

puted arrest length corresponding to the measured initiation load F. "

=

10.14 MN is given by afe = 0.467 m. This computed arrest point isbeSow
the tensile instability curve a33 and the tearing instability curve aI28
implying a stable condition. The measured initial arrest point a =

f

0.370 m is also below the tensile and tearing instability curves.
Figure 6.1 indicates that tearing instability is expected when the crack
length exceeds =0.54 m, which occurs after the first measured arrest
position at a = 0.370 m (see Table 5.2).g
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In Fig. 6.2, the K , function presented in Eq. (3.2) is evaluatedy

on the arrest crack-length curve af(F), on the incipient tearing-insta-
bility curve aly(F), and on the cleavage-reinitiation curve arein (F).
The K f nction presented in Eq. (3.1) is evaluated on the curve

rein (Ph.uEvaluation of the K ,(ag) curve at the initiation load Fin *
y

a
y

10.14 MN yields an arrest toughness of K , = 229.1 MPa 6 at the com-y

puted arrest point of afe 0.467 m, where the crack-tip temperature=

would be-T = 47.7'C.
The complete static fracture mechanics and stability analyses are

depicted in Fig. 6.3 for initiation load Fin = 10.14 MN, for initial
crack depth a 0.2 m, and for the temperature gradient presented in=

o
Fig. 5.3(b). Included in the figure are curves for initiation toughness
Kye, arrest toughness K ,, displacement-controlled stress-intensity fac-y

DSP Ptor K and force-controlled stress-intensity factor K . The regions,y y

oRNL.DWG 88C.4262 ETo -
1000

g , , , , , ,

WP-CE-1 CONDITIONS D K AT REINITIATION POINT a,,in
K ,e AT INSTABILITY POINT el2 -900 - T,in - 93.5'C 0

T 205.56C ^ K REINITIATION POINT a
K * AT ARREST POINT a, , in

e
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300 - 0
-

K - 229.1 MPa E /i

/*/o200 -

o#o'o
_

M
10 0 - c.f ,,,, a - a - a ' ,_ a - a - a -

a- 4---a =="4" A~
"

l ! ' I l I I0 '

O 2 4 6 8 10 12 14 16 18 20
F (MN)

Fig. 6.2. Determination of arrest toughness at initiation load of
10.14 MN: test WP-CE-1.
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Fig. 6 3. Complete static and stability analyses for initiation
load of 10.14 MN: test WP-CE-1.

of tearing and tensile instability and the computed cleavage arrest

point afc are also identified in Fig. 6.3.

6.1.1.3 Application-mode dynamic analysis (fixed-load boundary
condition)

Elastodynamic analyses of wide plate test WP-CE-1 were carried out
with the ADINA/VPF dynamic crack-analysis code.5 The 2-D, plane-stress,
finite-element model of the wide plate configuration used in the analy-
ses consists of 863 nodes and 264 eight-noded isoparametric elements.
Side grooves were taken into account by adjusting the resulting stress-
intensity factor calculated in each time step of the analysis. The in-
plane bending of the plate assembly caused by the thermal gradient
across the plate was also incorporated into the analyses.

A postlest application-mode analysis of WP-CE-1 was performed using
the material properties given in Chap. 3. Although the steady-state
temperature distribution imposed on the plate assembly does not include
thermal stresses, the global deformation of the assembly caused by
thermal strains must be inccrporated into the analyses. For finite-
element applications, static thermoelastic analyses were performed with

|

|

|
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the ADINA/ADINAT finite-element codes 3 to determine the thermal deforma-
tion of the plate assembly. These thermal displacements were added to
the nodal point data that defined the finite-element model. The tem-
perature distribution for the analyses was interpolated from the data
measured along the . crack plane [ Fig. 5.3(b)] and was used only for
determination of dynamic fracture toughness. For the dynamic analysis,.
the load was fixed at.the value of the measured fracture load, 10.14 MN,
as a prescribed concentrated load. The time step was set at at - 5 us.

The calculated crack-depth history from this analysis is presented
in Fig. 6.4. Figure 6.5 shows the dynamic stress-intensity factor
DYN >

, the static toughness K ,, and the crack velocity a as a function ofK yy

instantaneous crack depth. In Fig. 6.5, the crack velocity decreases
smoothly and crack propagation continues at small velocities for values
of a/w greater than -0.45. Because it is unlikely that a real crack
would propagate at these low velocities for an extended period of time,
arrest has been arbitrarily defined to occur when the crack velocity
drops below a threshold velocity of 2% of the shear wave velocity (C )

S
(i.e., 0.02 Cg = 64 m/s). Based on this assumption, an arrest is pre-

dicted at ag 0.47 m, where the crack-tip temperature would be=

T = 48.4*C ank the 236 MPa M. Thearrest toughness would be K, =
y

predicted arrest point exceeds the measured arrest point, ag,= 0.370 m,

ORNL-oWG 884254 ETD
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Fig. 6.4. Dynamic-analysis, crack-depth' history: test WF-CE-1.
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i

where T = 23.3*C and K , = 135.9 MPa 4. The analyses were terminatedy

at time t = 3 ms.

6.1.1.4 Ceneration-mode dynamic analysis (fixed load boundary
condition)

From the output of the crack-line gages and from an inspection.of
the fracture surface, estimates of the crack position as a function of
time were constructed and listed in Table 5.2 for the plate front and
back faces. Figure 6.6 depicts the apparent crack position vs time that
was derived f rom Table 5.2 and used as input for the posttest gener-
r. tion-mode elastodynamic analysis of test WP-CE-1. For these analyses,
the load point was fixed at the value of the initiation load, 10.14 MN,
as a prescribed concentrated load, and the time step was set at at =
5 ms. From these calculations, the stress-intensity factor as a func-
tion of time is given in Fig. 6.7. The generation-mode analysis results
are presented in Table 6.1.

The computed strain histories from selected points close to crack-
line strain gages 1-4, 5 and 13-15, and 16-18 (see Fig. 4.7 for strain- |

gage locations) are depicted in Pigs. 6.8-6.10, respectively, for the
'

generation-mode analysis (fixed load) along with measured data from the
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Fig. 6.6. Crack-front position history used as input for genera-
tion-mode dynamic analysis: test.WP-CE-1.

gages. The- sharply defined strain peaks are associated with the fast-
running crack passing under a gage point, with the peak being trans-
formed into a more blunted curve as the crack-tip propagation slows
down. The comparison of strain histories in these figures indicates
generally good agreement between measured and computed times for the
occurrence of peak strain values. The transition of strain pulse from a
sharp peak for gage 4 (Fig. 6.8) to a blunted curve for gage 5
(Fig. 6.9) reflects occurrence of the arrest event on the plate front
face between these gages. The arrest event on the plate back face can
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Table 6.1 Summary-of computed
resulta ' for test WP-CE-1

.

l
i

dTime a K'_E em*

(ms) (m) (HPa /m)

' Initiation 0.0 0.200' 130D'

U' .1'
' Arrest. .

#

Front face 0.308 0.370 159 ,

Back face 0.364 0.420 170
--1

.

#
! Ceneration-mode, fixed-load dynamic

'

>

|~ analysis. '

'

bFrom ADINA static analysis,

f

-
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be viewed in the same manner by noting transition in the strain pulse
between gages 17 and 18 (Fig. 6.10).

6.1.2 Postlest Analyses af Test-WP-CE-2

6.1.2.1 Postlest 3-D static analyses

The 3-D finite-element model for test WP-CE-2 incorporated a seg-
ment of the plate assembly that was 4.689 m long from the crack plane to
the top of the load pin hole. The crack-tip region of the model in-
cluded the side grooving and the edge notch, the dimensions of which are
shown in Table 4.1. Based on symmetry conditions that neglected out-of-
plane eccentricity, one quarter of the partial pull plate assembly was
modeled using 3751 nodes and 720 20-noded isoparametric elements.

Thermal deformations superimposed on the 3-D finite-element model
to account for the in plane bending effect were computed from a 2-D
analysis, which assumed that the heated and cooled edges of the plate
were fixed at T,,x = 205.9'C and Tmin = -101.9'C, respectively. The in-
plane thermal bending produced a load-line (through the top of the load-
pin hule) eccentricity of 2.33 cm relative to the geometric center of
the plate.

In the 3-D analysis, thermal stress effects were neglected, and a
uniform line load statically equivalent to the WP-CE-2 test initiation
load of 14.6 MN was applied at the location corresponding to the top of
the load pin hole. This analysis produced a static stress-intensity

factor of Ky = 240.6 MPa /m at the center plane of the plate at the time
oof the first crack initiation. Comparing this computed Ky value with

93.7 HPa /m [ evaluated from thethe static initiation value of K =
Ic

relationship presented in Eq. (3.1) by using a crack-tip temperature
a ratio of K /KIc = 2.56. Initiation stress-inten-of -40.0*C] yields y

sity factors obtained from this test, test WP-CE-1, and from previous
tests that used A 533 grade B class 1 steel,6,7 are compared in
Table 6.2.

6.1.2.2 Postlest 2-D static analyses

Posttest 2-D analyses for test WP-CE-2 were carried out in the same
manner as for test WP-CE-1. A temperature profile defined by specifying

crack-tip temperature of TCT = -40.0*C and a midplate temperature ofa
$2*C was used with WPSTAT to investigate the dependence ofT =gp

L arrested crack length and crack stability on the applied initiation load
in

14.6 MN; the results are presented in Fig. 6.11. In Fig. 6.11,F =

the statically computed arrest length corresponding to the measured
initiation load Fin = 14.6 MN is given by afc = 0.544 m. This computedi

imp ying anarrest point is above the tearing instability curve (al?), l

| unstable condition. The measured initial arrest afmt = 0.456 m (back
face) is below both the tensile and tearing instability curves. Figure

I
! 6.11 indicates that tearing instability is expected when the crack

length exceeds 0.47 m, which occurs after the first arrest on the back
face but before all other arrest locations (see Table 5.3).
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Table 6.2 Initiation stress-intensity
factor comparisons

,

Calculated Property
Crack-tip

Test static correlgttont'* * "'' K" K IC
designation ) 1 le

(MPaed) (MPa*E)

wp.t.2 - 33 251.5 87.5 2.87

WP-1.3 - 51 173.5 70.1 2.48
WP-1.4 - -62 213.0 63.9 3.33
WP-1.5 - 30 179.8 91.6 1.96

WP-1.6 - 19 233.8 111.2 2.10

WP-1.7 - 22.7 280.6 103.7 2.71

WP-1.8 -47.2 290.0 73.0 3.97-

WP-CE-1 - 33.7 166.2 104.5 1.59

WP-CE-2 -40.0 240.6 93.7 2.568

" Computed f rom 3-D static analysis using ORMCEN/ ADINA/ORVIRT.

Calculated from K , = 51.276 + 51.897e O'03'(T - RTNDT)b
3

using crack-tip temperature of initial flaw and material RTNDT*
Specimen was warm prestressed to 14 MN at 25'C.8
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Fig. 6.11. St atically calculated crack lenbths: Test WP-CE-2.
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Figure 6.12 presents an evaluation of the K , function of Eq. (3.2)y

ag(F),on the arrest crack-length curve on the incipient tearing-

instability curve aI2 (F), and on the reinitiation curve arein (F). The
K function of Eq. (3.1) is also evaluated on the curve a
Ic rein (F).

Evaluation of the K , (ap) curve at the initiation load Fin yields an ;y

359.B MPa 6 at the computed arrest pointarrest toughness of K, =
y

afc = 0.544 m, where the crack-tip temperature _would be T = 66.7'C. The
complete static-fracture mechanics and stability analyses are cepicted
in Fig. 6.13.

6.1.2.3 Application-mode dynamic analyses (fixed-load boundary
condition)

The 2-D, plane-stress, finite-element model of the wide plate con-
figuration used in the analyses consisted of 986 nodes and 303 8-noded
isoparametric elements. For the dynamic analysis, the load was fixed at
the value of the measured fracture load, 14.6 MN, as a prescribed con-
centrated load. The time step was set at at = 5 ms.

Figure 6.14 shows the calculated crack-depth history from this
analysis. Figure 6.15 presents the dynamic stress-intensity factor

K , the static toughness K ,, and the crack velocity a as a functiony

of instantaneous crack depth. The crack propagates into a rising Ky
field, and, with the assumption that arrest occurs for crack velocities

<0.02 C , the predicted arrest is at afp = 0.53 m where the crack-tip ig

temperature would be T = 61.9'C and the arrest toughness would be K , =y

325.$ MPa 6. The predicted arrest afp = 0.53 m exceeds the measured.

initial arrest afmi = 0.46 m.

6.1.2.4 Ceneration-mode dynamic analysis (fixed-load boundary
condition)

Figure 6.16(a) and (b) depict the apparent crack position-vs-time
curves, developed from the front- and back-face strain gage outputs,
respectively, that were used as input for the posttest generation-mode i

elastodynamic analyses of test WP-CE-2. For these analyses, the load
was fixed at the value of the initiation load, 14.6 MN, as a prescribed
concentrated load, and the time step was set at at = 5 ms. The history
of the stress-intensity factor, calt.ulated from the dynamic J-integral
and the crack-tip-opening displacement (CTOD), in the generation mode
dynamic analysis for the plate front and back faces, is presented in
Fig. 6.17(a) and (b) respectively. The linear-elastic relationship
between K and CT00 is

K= (6.1),
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where y is the value of the computed displacement (CTOD/2) at a distance
r from the crack tip. Table 6.3 summarizes the generation-mode results
for the arrest events of test WP-CE-2.

Table 6.3 Summary of computed results for test WP-CE-2

Plate front face Plate back face

Event Time a Ka Time a Ka

(ms) (m) (MPa./m) (ms) (m) (MPa./E) -

a

Initiation 0.0 0.201 185.8b 0.0 0.201 185.8b

Arrest A 0.299 0.466 217.8 0.293 0.456 215.5
Reinitiation 1.899 0.466 379.3 1.927 0.456 372.8

Arrest B 1.995 0.504 354.1 1.995 0.504 330.4
Reinitiation 3.753 0.504 590.4 7.961 0.504 426.3

Arrest C 3.913 0.525 576.3 8.141 0.546

Ceneration-mode, fixed-load dynamic analysis, Kg = /E Jdyn*8

DFrom ADINA static analysis.

Computed strain histories f rom selected points close to the crack-
line strain gages 1-8 and 13-20 (see Fig. 4.7 for strain gage locations)
are depicted in Pigs. 6.18-6.20 for the generation-mode analysis (fixed
load) along with measured data from the gages. The comparisons of
strain histories in these figures indicate generally good agreement
between measured and computed times for occurrence of peak strains. The
transition of the strain pulse f rom a sharp peak for strain gage 6 (Fig.
6.19) to a blunt curve for gage 7 (Fig. 6.20) reflects the first arrest
event on the plate f ront face. The first arrest event on the plate back
face can be viewed in the same manner by. noting the strain pulse transi-
tion between gages 18 (Fig. 6.19) and 19 (Fig. 6.20).

Finally, Fig. 6.21(a) and (b) compares F-COD and B-COD results,
respectively, calculated at a/w = 0.15 with measured data. The calcu-
lated COD values compare reasonably well with the measured values.

6.2 CRACK-ARREST TOUCHNESS RESlII.TS

Crack-arrest toughness values f or wide plate tests WP-CE-1 and -2
have been determined by static and dynamic analyses, as well as by
handbook techniques. Some of these values are presented in Table 6.4
(see Table 5.1 for a summary of the general test conditions). Fixed-
load generation-mode, crack-arrest toughness values * for tests WP-CE-1
and -2 are plotted in Fig. 6.22 against the arrest toughness temperature

* Reference 9 discusses the importance of the analysis method
(static vs dynamic) and boundary conditions (fixed load or fixed load-
pin displacement) used to interpret the wide plate crack-arrest tests.
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Table 6.4 Computed crack-arrest toughness values
for HSST wide plate specimens WP-CE-1 and -2

Crack-arrest toughness values
(HPa./Fri)

' Tada
static SEN Fedderson Dynamic finite

i Test formulas alternate elementd
No. secant

Displace?ent Load formulaC Ceneration
controla controlb mode

WP-CE-1 180 293 148 1708

WP-CE-2A 274 509 232 21Bf
WP-CE-2B 285 597 249 354f
WP-CE-2C 291 653 258 576f

aFrom Ref. 8 (pp. 2.10-2.11) while assuming that a = af and
that no further bending is caused by propagation of the crack.

bFrom Ref. 8 (pp. 2.10-2.11) while assuming that a = af and
full bending occurs according to the SEN formula when the final
crack depth is used. As noted in Ref. 9, these values are con-
sidered to provide an upper bound to K , determinations for each3
test.

- -1/2
Ky=o ia see h , where o = far-field tensile stress,C

a = ag = finai crack length, and w = full plate width.10 As noted
in Ref. 9, these values are considered to provide a lower bound to

K , determinations for each test.y

dFixed-load conditions. K , values are now being reassessedg

to incorporate tunneling effects. Values should therefore not be
considered as final.

' Plate back-face arrest location.
#Plate front-face arrest locations.

minus RT (Note, however, that the K, results in Fig. 6.22 andNDT. g

Table 6.4 are now being reassessed to incorporate the influence of
tunneling, thus possibly resulting in a slight revision of the K,y
values.) Also included in the figure are the results for the previous
tests that also used A 533 grade B class 1 material (WP-1 series),6,7

and the KIR curve f rom Sect. XI of the ASME BSPVC. The crack arrest
toughness values obtained f rom the WP-1 and WP-CE series tests consis-
tently extend above the reference fracture-toughness curve. At tempera-

tures near and above the onset of Charpy USE (T - RTNDT = 78 C and 85'C

_
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for the WP-1 and WP-CE series materials, respectively), values
the K , finding3

Thisincrease with temperature at an accelerating rate.
suggests that a temperature limit may exist at or below which a cleavage
crack propagation will arrest, no matter how high the driving force.
Also, as noted in the figure, crack arrests have occurred at tempera-
tures up to 95*C above the RT (-35'C) and up to 10*C above the

NDT
temperature corresponding to the onset of Charpy upper-shelf energy
(T - RTNDT = 85*C) for the WP-CE series material.

6.3 COMPARISON OF WIDE-PLATE CRACK-ARREST 'IDUCilNESS DATA
WITil OTilER I.ARCE-SCALE TEST RESUI.TS

The trend for.K , values to extend above the limit proposed in ASMEy
B&PVC Sect. XI, as shown in Fig. 6.22, is further substantiated in

Included in the figure are K , data from several large-scaleFig. 6.23. g

testsli-r2 plus the wide-plate results f or tests WP-CE-1 and -2, series
WP-1 specimens,6,7 and several series WP-2 specimens.9 Series WP-2
uses specimens f abricated from a Charpy low-upper-shelf (CVN USE ~65-J)
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material. The rate of K , increase with temperature obtained in theseg

tests appears to increase significantly at T - RTNDT above -90'C. All
llSST wide plate . tests have demonstrated that arrest occurs before the

,

- onset of du-Lile - f racture, even at very high K ig values and high tem- '

peratures. All llSST wide plate specimens achieved arrest, with the ;

arrest period ranging. f rom a few milliseconds to a completely ' stable
{

~

period.
,
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f7. CONCLUSIONS
!

The HSST Program has an integrated eff ort under way to extend the
range of applicability of current state-of-the-art crack-arrest prac-
tices and to develop alternatives when needed. A consistent trend forms t

when the crack-arrest data now available from the three types of HSST ,

large-specimen tests are combined on a plot of K vs T - RT '

la NDT*
Collectively, these data, along with other large-specimen test results,
show that arrest can and does occur at temperatures-up to and above that
which corresponds'to the onset of Charpy upper-shelf behavior, and the
measured K , values extend above the limit included in Sect. XI of the ,

3

ASNE ~ B&PVC. Further, the data suggest the existence of a limiting
temperature above which a-cleavage crack cannot propagate. In summary,
the data being obtained under an ilSST wide plate crack-arrest program t

Isupport (1) the use of fracture-mechanics concepts to analyze cleavage
run-arrest events, (2) the treatment of cleavage- and ductile-fracture
modes as separate events, and (3) the fact that cleavage arrest can-
occur at toughness levels well above the ASME limit and at temperatures 6

above that which corresponds to the onset of CVN USE for A 533 grade B -

class 1 material.
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