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ABSTRACT 

Current pressure vessel safety assessment methods are based largely 
on Sects. I11 and XI of the American Society of Mechanical Engineers 
Boiler and Pressure Vessel Code (ASME B&PVC).  These documents take the 
position that the fracture-toughness correlations cannot be assumed for 
a crack-arrest toughness value >220 MPa*& for light-water reactor 
pressure vessel steels. This limit is imposed largely because until 
recently essentially no crack-arrest toughness (KIa) data existed at or 
above this level and because Charpy tests show that impact energy levels 
exhibit an upper-shelf behavior. Certain pressurized-thermal-shock 
scenarios can lead to conditions where the driving force (KI) on a 
propagating crack increases to levels in excess of the ASME limit. 

The Heavy-Section Steel Technology (HSST) Program at the Oak Ridge 
National Laboratory under the sponsorship of the Nuclear Regulatory 
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 (RPV) and the conditions 
leading to arrest of a propagating crack. Objectives of these studies 
are t o  determine (1) if the material will exhibit crack-arrest behavior 
when the driving force on a crack exceeds the ASME limit, (2) the 
relationship between KIa and temperature, and ( 3 )  the interaction of 
fracture modes (arrest, stable crack growth, unstable crack growth, and 
tensile instability) when arrest occurs at high temperatures. In meet- 
ing these objectives, crack-arrest data are being developed over an 
expanded temperature range through tests involving large thermally 
shocked cylinders, pressurized thermally shocked vessels, and wide-plate 
specimens. The wide-plate specimens provide the opportunity for a 
significant number of data points to be obtained at relatively afford- 
able costs. These tests are designed to provide fracture-toughness 
measurements approaching 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, Gaithersburg, Maryland,' 
in their 27-MN capacity testing machine. The third series of tests, 
which used a Charpy low-upper-shelf base metal, are discussed. Each 
test used a 1 x 1 x 0.1 m or 1 x 1 x 0.15 m thick single-edge-notched 
plate specimen (a/w = 0.2) that was subjected to a linear thermal 
gradient along the plane of crack propagation. The thermal gradient was 
applied to the specimen by cooling the notched edge and heating the 
other edge. Through selection of the crack-tip temperature and trans- 
verse temperature profile, the initiation load and depth of crack propa- 
gation was changed from test to test. During each test, strain and tem- 
perature measurements were obtained as functions of position and time. 
Load, crack-opening-displacement, accelerometer, dynamic displacement, 
and acoustic-emission data were also obtained as functions of time. 

Results obtained from the WP-2 series of crack-arrest tests have 
produced crack-arrest toughness values well above the limit recognized 
by current ASME Code guidelines with arrests occurring at temperatures ' 
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up to 102°C above 
temperature (DwNDT 
upper-shelf energy 

the material drop-weight nil-ductility transition 
= 60°C) and up to 12°C above the onset of Charpy 
(temperature onset 150°C). Crack propagation has 

been predominantly cleavage until arrest occurred, and even for very 
high driving forces, ductile tearing occurred only after arrest. The 
fracture data support (1) the use of current linear-elastic fracture- 
mechanics concepts to analyze cleavage run-arrest events, (2 )  the 
analytical treatment of cleavage run-arrest and ductile fracture modes 
as separate events, and ( 3 )  the fact that cleavage arrest can and does 
occur above the ASME limit. 
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The pressurized-thermal-shock (PTS) issue for pressurized-water 
reactors (PWRs) involves a broad range of fracture phenomena. In PTS 
scenarios, flaws in the inner surface of the reactor pressure vessel 
(RPV) have a high propensity to propagate because they are located in 
the region of highest stress and lowest fracture toughness (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 toughness because of the higher temperatures 
and less irradiation damage. Certain PTS scenarios lead to conditions 
where the driving force on a propagating crack increases to levels well 
in excess of the ASME crack-arrest fracture-toughness limit (220 MPa-6) 
contained in the A m e r i c a n  S o c i e t y  of Mechanical E n g i n e e r s  B o i l e r  and 
P r e s s u r e  V e s s e l  C o d e  (ASME BCPVC).  Assessment of the integrity of an 
RPV under such a postulated crack run-arrest condition requires predic- 
tion of the arrest potential; the potential for reinitiation including 
stable and unstable ductile crack growth; and structural instability of 
the remaining vessel-wall ligament. 

Work being conducted under Task H.5 of the Heavy-Section Steel 
Technology (HSST) Program at Oak Ridge National Laboratory is concerned 
with understanding the ability of RPV materials to arrest running cracks 
as they propagate into regions of higher toughness and conditions of 
increasing 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 plates that possess steep tough- 
ness gradients. These tests use wide-plate (1 x 1 x 0.1 m or 
1 x 1 x 0.15 m) specimens that possess a single-edge notch (crack) that 
initiates 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. The experiments require the application of large tensile loads 
and are being conducted at the National Institute of Standards and Tech- 
nology in Gaithersburg, Maryland. The overall objectives of these tests 
are to determine (1) if RPV materials will exhibit crack-arrest behavior 
when the driving force on a crack exceeds the ASME limit (220 MPa-6); 
(2 )  the relationship between crack-arrest toughness and temperature for 

> 220 MPa*&; and (3) the interaction of fracture modes (arrest, KIa 
stable crack growth, unstable crack growth, and tensile instability) 
when arrest occurs at high temperatures. 

In meeting these objectives, three series of wide-plate tests have 
been conducted: WP-1 (A 533 grade B class 1 steel), WP-CE (second heat 
of A 533 grade B class 1 steel), and WP-2 [low-upper-shelf (LUS) base 
material]. This report contains results for the six tests that 
comprised the WP-2 series, which utilized a Charpy LUS base material 
(specially heat treated 2 1/4 Cr-1 Mo steel). Following are highlights 
of each chapter to aid readers who are interested only in certain 
aspects of the report. 
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1. IWEODUCTION 

Limitations imposed by the ASME BEPVC are discussed. Objectives of 
the crack-arrest studies and program goals are presented. 

2.  Background 

Prior crack-arrest studies and their limitations are discussed. A 
summary of large-specimen crack-arrest toughnes's data is presented in 
Fig. 2.1.  

3. MATERIAL CHARACTERIZATION 

A description of the Charpy LUS material used in the WP-2 test 
series is provided. Drop-weight (Table 3.11, Charpy V-notch 
(Table 3.21, tensile (Table 3-61,  crack-arrest toughness (Table 3-81 ,  
and transition-region (Table 3.10) and ductile shelf (Table 3.11)  frac- 
ture toughness properties are provided. Equations (3 .2 )  and (3 .5 )  pre- 
sent the relations for Ka and KIc, respectively, that were used in the 
analysis of the test results. 

4. SPECIMEN PREPARATION, INSTRUMENTATION, AND 
TESTING PROCEDURE 

Procedures used for precracking and assembling the test articles 
are outlined. Instrumentation used to obtain pertinent data during a 
test (load, strain, temperature, crack-opening-displacement, dynamic 
displacement), as well as the data acquisition system, are described. 
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.  SUWMBBY OF WIDE-PLATE CRACK-ARREST 
TESTS WP-2.1 THROUGH WP-2.6 

General test conditions (Table 5.1) for each wide-plate test are 
delineated, and transverse temperature profiles for each test are sum- 
marized (Fig. 5 .1 ) .  The highlights for each test, as well as pertinent 
test data, are reiterated. Fracture surfaces for each test specimen are 
presented (Fig. 5 . 2 ) .  



xxxv 

6. POSTTEST ANALYSES, CRACK-ABBEST TOUGHNESS RESULTS, 
AM) COMPARISON OF DATA WITH OTHEB 

LARGE-SCALE TEST RESULTS 

Posttest static and dynamic fracture analyses conducted for each 
wide-plate crack-arrest test are described. The development and use of 
dynamic analysis methods were required to incorporate the significant 
dynamic effects exhibited by the wide-plate specimens; that is, multiple 
crack run-arrest events occurred in each test over a relatively short 
time (up t o  seven crack run-arrest events in <7 ms). Crack-arrest 
toughness results determined by dynamic analyses (fixed-load and genera- 
tion-mode) are presented (Table 6.4). The relationship between fixed- 
load, generation-mode, crack-arrest toughness values for tests in the 
WP-2 series, as well as for other wide-plate crack-arrest tests (WP-1 
and WP-CE test series), and the KIR curve of the ASME BoPVC is shown 
(Fig. 6.14). The HSST wide-plate crack-arrest test results are compared 
with other large-scale test results (Fig. 6.16). 

7. CONCLUSIONS 

Results of the investigation are summarized. Wide-plate tests 
demonstrate that crack-arrest values above the 220 MPa-h limit in the 
ASME Code are achievable and that crack arrest can and does occur at 
temperatures up t o  and slightly above those that correspond to the onset 
of Charpy upper-shelf behavior. 
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1. INTRODUCTION 

In pressurizedythermal-shock (PTS) scenarios, flaws on the inner 
surface of a reactor pressure vessel (RPV) have a high propensity to 
propagate because they are in the region of highest thermal' stress and 
lowest fracture 'toughness (i.e., 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 less irradiation damage. 
Assessment of the integrity of an RPV under such a postulated crack run- 
arrest scenario requires prediction of the arrest potential; the 
potential for reinitiation, including stable and unstable ductile crack 
growth; and structural instability of the remaining vessel-wall 
ligament. 

Current light-water reactor (LWR) pressure-vessel safety assess- 
ment methods are based largely on Sects. I11 and XI of the A m e r i c a n  
S o c i e t y  of Mechanical E n g i n e e r s  B o i l e r  a n d  Pressure Vessel C o d e  (ASME 
B & P V C ) .  The fracture-toughness correlations contained in the ASME BOPVC 
embody the position that one cannot assume a crack-arrest toughness 
value (K ) >220 MPa-fi for LWR pressure-vessel steels. The imposition 
of this limit is based partly on the fact that no KIa data existed at or 
above this level and because Charpy and "small" C(T)-specimens exhibit 
an upper-shelf behavior. Therefore, the'nature of crack-arrest behavior 
and KIa extrapolations to temperatures higher than that at which this 
limit occurred could not be presumed. 

The ASME limit does not impose difficulties in making assessments 
for LWR pressure vessels undergoing thermal shock transients with very 
low accompanying,pressure levels. However, PTS scenarios could lead to 
conditions under which the driving force on a propagating crack in- 
creases to levels well in excess of the current ASME limit. Thus, 
safety assessment methods for this type of condition would require an 
understanding of the following points. 

1. If the driving force on a crack exceeds 220 MPa.6 by a significant 
margin, can the material exhibit crack-arrest behavior? 

2. If the material exhibits high KIa values with increasing tempera- 
ture, what is the relationship between KIa and temperature? That 

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

3 .  If crack arrest occurs at high temperatures where the material 
behavior is typically dominated by ductile behavior, then what 
interactions exist between the various fracture modes, including 
arrest, stable crack growth, unstable crack growth, and tensile 
instability? 
The pressurized-water reactor (PWR) PTS issue has been under inten- 

sive investigation at Oak Ridge National Laboratory (ORNL) since 1973 in 
the form of two Nuclear Regulatory Commission (NRC)-sponsored programs: 
Integrated Pressurized Thermal Shock (IPTS) and Heavy-Section Steel 
Technology (HSST). The IPTS Program is primarily concerned with an 
overall estimate of the frequency of vessel failure for specific PWR 
plants and thus included the identification of dominant transients, as 
well as the contributions of design and operating features of these 
plants. One important component of the IPTS study is a probabilistic 
fracture-mechanics analysis of the reactor vessel and, in particular, 
the role of crack-arrest in mitigating the consequences of the postu- 
lated PTS transients. Results of the IPTS studies192 indicated that 
crack arrest in the probabilistic fracture-mechanics model does not sub- 
stantially influence the calculated frequency of vessel failure. How- 
ever, the influence cou'ld be different if KIa(T) was significantly 
different than that assumed for KIa > 220 MPa.6. Furthermore, there 
are still significant questions regarding flaw behavior for low-upper- 
shelf (LUS) materials. Thus, the HSST Program is continuing to pursue 
these areas of uncertainty. 

The primary objective of the wide-plate crack-arrest studies under 
the HSST Program is to generate data 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 )  extending the existing KIa data bases to values above those asso- 
ciated with the upper limit in the ASME B&PVC; (2 )  clearly establishing 
that cleavage crack arrest occurs before fracture-mode conversion; 
( 3 )  observing the relationship between arrest data and machine/specimen 
compliance behavior; and ( 4 )  validating the predictability of crack 
arrest, stable tearing, and/or unstable tearing sequences for ductile 
materials. In the present study, the program objectives and goals were 
investigated for a material that met the American Society of Testing 
Materials (ASTM) A 387 grade 22 chemical composition (2  1/4 Cr-1 Mo) but 
was specially heat treated to produce a base metal having a low Charpy 
upper-shelf toughness and a high transition temperature. 
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1. R. D. Cheverton and D. G. Ball, "The Role of Crack Arrest in the 
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Vessel Integrity During Overcooling Accidents, Considering 3-D 
Flaws," J. Pressure Vessel Technology 106, November 1984." 
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2. BACKGROUND 

Under the HSST Program, crack-arrest data have been generated over 
an expanded temperature range in tests involving large thermally shocked 
cylindersl, 2 (TSCs), pressurized. thermally shocked vessels3~4 (PTSVs), 
stub-panel specimens,5 and wide-plate specimens.6-8 The TSCs and PTSVs 
also provide data under multiaxial transient and high-restraint loadings 
for validation of fracture models and analysis methods. A thermal-shock 
experiment (TSE) has also been conducted in France.9 While the HSST and 
French TSEs have generated a significant number of data points, the 
driving force in these experiments has been thermal stress only, and, 
consequently, crack-arrest data have not ranged above.-150 MPa-6. An 
important conclusion of the TSEs is that the KIa data from these highly 
restrained propagations fall well within the range of KIa data from the 
small laboratory specimens and above the ASME reference toughness (KIF) 
curve, which provides a lower bound of crack arrest (KIa) and dynamic 
fracture toughness (Kid) as a function of the temperature relative to 
the reference nil-ductility temperature (RTNDT). The HSST pressurized- 
thermal-shock experiments (PTSES) can provide higher KIa values under 
similar highly restrained conditions, as evidenced by the first two 
PTSEs, which produced KIa data as high as -420 MPa-JG at temperatures up 
to -90°C above the drop-weight NDT for the vessel insert material 
(-75°C). Although the stub-panel test series has just begun, early 
indications are that those tests can be used to provide crack-arrest 
toughness values at temperatures up to those corresponding to the Charpy 
upper-transition region. Crack-arrest tests that used wide-plate speci- 
mens fabricated from A 533 grade B class 1 material have produced KIa 
data >SO0 MPa-fi (fixed-load, generation-mode analysis) at temperatures 
up to 115°C above the material RTNDT (-23°C). 

Crack-arrest data for RPV-grade materials were also developed under 
an Electric Power Research Institute (EPRI) Program (EPRI Research 
Program RP-2180-3) conducted by Combustion Engineering, Inc. (CE).lO 
The analytical/experimental program was conducted to determine the 
response of precracked specimens subjected to thermal and mechanical 
loadings in the range of temperature and pressure conditions that might 
occur in PWR primary coolant systems during extreme cooldowddepressur- 
ization/repressurization situations. The test specimen used to study 
the effects of a crack running from a brittle material into a ductile 
material was a moment-modified compact-tension specimen (MMCT). 
Material toughness was varied in the direction of crack propagation by 
cooling one edge by liquid nitrogen chill blocks and heating the other 
edge with electrical resistance heaters. A rising stress-intensity 
factor was achieved by imposing an initial high tensile stress across 
the specimen test section. Thermal gradient stresses were simulated by 
wedge-loading a fatigue precrack. The wedge-loading was applied in 
small increments until a crack-propagation event occurred. The MMCT 
tests produced KIa data as high as -150 MPa-fi at temperatures up 
to -51°C above RTNDT; 

Recently, considerable testing of wide-plate specimens has been 
done in Japan.11-16 Some of the specimens are referred to as double- 
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tension specimens"+ because they used a notched tensile-loaded tab 
attached to the edge of the specimen as an auxiliary crack-starting 
device. Other Japanese tests employed ESSO specimens17 and produced KIa 
data as high as -380 MPa-6 at temperatures up to -90°C above RTnT. 

Figure 2.1 presents a summary of KIa data for the HSST Program 
TSEs, PTSEs, stub-panel experiments, and wide-plate tests (WP-1 series) ; 
the French TSE; the CE/EPRI MMCT tests; and the Japanese tests. As 
shown in the figure, few crack-arrest toughness measurements were made 
above 150 MPa-6, except for data produced in the HSST Program PTSEs and 
wide-plate tests and the Japanese wide-plate specimens. To meet the 
BSST Program objective of understanding the crack-arrest behavior of 
prototypical RPV steels at temperatures near and above the onset of the 
Charpy upper-shelf region, either PTSEs or wide-plate tests were re- 
quired. Because the wide-plate tests have the ability to provide a 
significant number of data points (KIa > 220 MPa-6) at relatively 
reasonable cost, they were selected for use in the investigation. 
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3. CHARACTERIZATION OF WIDE-PLATE SERIES 2 MATERIAL 

3.1 INTRODUCTION 

The chemical composition of the material used in the WP-2 series of 
wide-plate experiments is in accordance with ASTM Standard Specification 
for Pressure Vessel Plates, Alloy Steel, Chromium-Molybdenum (A 3871, 
grade 22 (2 1/4 Cr-1 Mol. A 159-mm-thick plate was procured by Babcock 
and Wilcox1 (B&W) for the HSST Program to provide material for 
the second series of wide-plate tests (WP-2) and the second pressurized- 
thermal-shock experiment (PTSE-21.2 It was specially heat treated to 
produce LUS toughness and a high transition temperature. 

Allocation of the material is shown in Fig. 3.1. Material charac- 
terization for pretest analyses of PTSE-2 and WP-2 has been conducted 
with the characterization piece PTC1. Charpy V-notch (CVN), tensile, 
drop weight, hardness, fracture-toughness, crack-arrest toughness, and 
metallographic results have been reported previously.3-5 The pretest 
characterization and the physical properties also have been included in 
the final report on the PTSE-2 experiments.2 

The purpose of posttest characterization is to determine (using a 
smaller number of specimens than would normally be used to fully charac- 
terize the material) if the wide-plate properties are significantly 
different from those inferred, from characterization block PTC1. PTCl 
received a stress-relief heat treatment of 524 t 14°C for 7.25 h. The 
wide plates and a characterization block WPQl were stress-relieved as 
one piece at 552 5 14°C for 7 h. The plate stock used for PTSE-2 and 
the wide-plate tests was found to exhibit anomalous variations in 
properties thought to be associated with the primary heat treatment 
process. The properties of the WP-2 series material have been deter- 
mined to be similar to those of PTC1, although PTCl received a stress- 
relief heat treatment, which differed slightly from that of the wide 
plates and WPQ1. Block WPQl was not representative of the wide-plate 
material and is mentioned solely for completeness (the results of tests 
on WPQl are given in Ref. 1). 

The posttest characterization of the WP-2 series material was con- 
ducted with specimens machined from the broken halves of plates WP-2.1 
and -2.5. All characterization was performed in the T-L orientation; 
that is, the fracture plane of the test specimens was parallel to the 
fracture plane of the wide plates. Drop-weight NDT temperature, CVN, 
tensile, initiation fracture toughness, J-R, and crack-arrest tests have 
been performed, The results of the posttest characterization are com- 
pared with those from block PTC1. For purposes of analyzing the results 
of the wide-plate structural tests, the differences between the PTCl and 
wide-plate material found in the CVN, tensile, and crack-arrest tests 
may be considered insignificant. However, for material from the wide 
plates, the NDT temperatures are higher by -10 K, and the initiation 
fracture toughness KJc is noticeably lower than for PTC1. 
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for various tests. 

Allocation of 2 1/4 Cr-1 Mo 159-mu-thick LUS steel plate 



3.2 DROP-WEIGHT TESTING 

Drop-weight testing was conducted with standard P-3 specimens per 
ASTM Standard Method for Conducting Drop-Weight Test to Determine 
Nil-Ductility Transition Temperature of Ferritic Steels (E 208-85). In 
accordance with E-208-85, a single-pass-weld crack starter bead was used 
to prepare the drop-weight specimens. This standard explicitly states 
that, although the drop-weight test is insensitive to specimen orienta- 
tion, all specimens should be of a single orientation, which must be 
noted in the test report. The specimen orientation used was T-L (for a 
crack propagating along the surface on either side of the crack starter 
bead). 

The results of individual specimens for material from midthickness 
(1/2t) of each of the two plates are given in Table 3.1. The NDT tem- 
perature was determined to be 60 and 55°C for material from plates WP- 
2.1 and -2.5, respectively. Note that NDT for material from character- 
ization block PTCl at 1/4t was 49°C; although there was insufficient 
material for a full determination, a tentative pretest NDT for specimens 
machined from a portion of WP-2.4 was estimated to be 60°C (see p. 62 of 
Ref. 5). This value agrees with the posttest value obtained for WP-2.1 
material. The 5°C difference between NDT for plates WP-2.1 and -2.5 may 
not be significant, considering the variability that this material has 
exhibited; an NDT of 60°C is used in this report. 

Table 3.1. Results of drop-weight testing 
on 2 1/4 Cr-1 Mo material from 1/2t depth 

of broken halves of specimens WP-2.1 
and -2.5 (T-L orientation) 

Test Test results 

("C) Break No break NDT 
Specimen temperature 

WP-2.1 material 

WP2.101 65 J 
WP2.110 60 J 
WP2.112 65 J 

W - 2 . 5  material 

60 

WP2.505 
WP2.503 
WP2 . 502 
WP2.506 
WP2.512 
WP2.508 
WP2.509 
WP2.501 

65 
60 
55 
50 
45 
50 
55 
60 

J 
J 
J 
J 

J 
J 
J 

J 55 
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3.3 CVN TESTING 

CVN testing has been performed on 12 specimens from the 1/2t depth 
of each of plates WP-2.1 and -2.5. In addition, 12 specimens were 
tested from the 1/4t depth of plate WP-2.1. All specimens were in the 
T-L orientation and tested at the same temperature intervals. The 
temperature ranged from 25 to 250°C for comparing with previous work.173 

Table 3.2 gives the data obtained during CVN testing. Figure 3.2 
shows plots of the CVN test results vs temperature for all three mate- 
rial regions (WP-2.1 at 1/4t, WP-2.1 at 1/2t, and WP-2.5 at 1/2t depths) 
and hyperbolic tangent curve fits. The curve fit parameters are pre- 
sented in Table 3.3. For comparison, the corresponding parameters for 
PTCl are given in Table 3.4 (reproduced from Ref. 3). 

If the CVN'energies of material from the three regions are com- 
pared, there is a small difference in the upper-shelf-energy (USE) 
levels that range from 61 to 65 J, a 23% variation about the mean. The 
range of variation of USE of PTCl was approximately 212% about a mean of 
57 J. For both WP-2 and PTCl materials, USE decreases consistently with 
increases in plate depth. 

The WP-2 material exhibits relatively little difference in energy 
absorbed in the midtransition region (at 100°C). The greatest differ- 
ences (210 J) were exhibited in the lower-transition region around 
NDT. The knee of the upper shelf is reached at -150°C when judged by 
the attainment of 100% shear fracture appearance (see Table 3.2 and 
Fig. 3.2). This temperature compares favorably with the results for 
PTCl (Fig. 3.3). The midcurve transition temperatures, which range from 
76 to 82"C, compare well with those of PTC1, 74 to 81°C (Table 3.4). The 
results of drop-weight and CVN testing are summarized in Table 3.5. 

An RTNDT (in accordance with Subarticle NB-2330 of ASME BIPVC,  
Sect. 111) cannot be determined because a minimum 68-5 CVN impact energy 
was not attained for specimens fabricated from either the WP-2.1 or the 
-2.5 plate materials (see Table 3.2). 

3.4 TENSILE TESTING 

Tensile tests were performed using 6.3-mm-diam specimens. The 
results are given in Table 3.6 and plotted in Fig. 3.4 together with the 
99% confidence band of the tensile test results using material from 
characterization block PTC1. The tests on PTCl were obtained using 
4.52-, 6.35-, and 12.7-mm-diam specimens, and the results are given in 
Table 3.7. 

The 0.2% yield strength is highly dependent on prior straining 
history. Figure 3.5 shows a typical stress-strain curve from a room- 
temperature tensile test on a 12.7-mm-diam specimen from PTCl material 
and illustrates the difficulty of defining the 0.2% yield ,strength 
because of the very short linear portion of the diagram. Moreover, if 
the material were strained even to values <0.2% yield and then unloaded, 
this can increase the 0.2% yield strength. This is because the linear 
portion of the stress strain diagram will be extended and the 0.2% 
offset line will intersect the stress-strain curve at a higher stress. 
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Table 3.2. Charpy impact test results for 2 1/4 Cr-1 Mo 

WP-2.1 and -2.5 (T-L orientation) 
material from broken halves of specimens 

Appearance 
( X  shear) 

Test Lateral Energy 
(J) ("C) 

expansion 
(mm) 

Specimen temperature 

WP2101 
WP2102 
WP2103 
WP2104 
WP2105 
WP2106 
WP2107 
WP2108 
WP2109 
WP2110 
WP2111 
WP2112 

WP2121 
WP2122 
WP2123 
WP2124 
WP2125 
WP2126 
WP2131 
WP2132 
WP2129 
WP2130 
WP2127 
WP2128 

WP2501 
WP2502 
WP2503 
WP2504 
WP2505 
WP2506 
WP2507 
WP2508 
WP2509 
WP2510 
WP25 11 
WP2512 

W-2.1 ( 1 / 4 t  d e p t h )  

30 7.1 0.0508 
30 6.1 0.0254 
60 18 0.254 
60 26 0.343 
100 39 0.546 
100 41 0.597 
150 64 1.04 
150 63 1.08 
200 60 0.94 
200 59 1.04 
250 61 1.05 
250 60 1.09 

W-2.1 ( 1 / 2 t  d e p t h )  

30 6.8 0.0254 
30 6.8 0.0254 
60 15 0.178 
60 14 0.178 
100 45 0.737 
100 39 0.686 
150 68 1.09 
150 65 1.09 
200 60 1.09 
200 60 0.94 
250 56 1.07 
250 57 1.02 

W-2.5 ( 1 / 2 t  d e p t h )  

30 7.1 0.0508 
30 8.5 0.0508 
60 29 0.381 
60 23 0.305 
100 43 0.66 
100 42 0.711 
150 66 1.12 
150 69 1.12 
200 64 1.07 
200 65 1.12 
25 0 62 1.12 
250 59 1.04 

0 
0 
10 
10 
40 
40 
99 
99 
100 
100 
100 
100 

0 
0 
0 
0 
40 
50 
99 
99 
100 
100 
100 
100 

0 
10 
20 
30 
40 
50 
99 
100 
100 
100 
100 
100 
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Fig. 3.2. CVN test results in T-L orientation for material from 
( a )  CVN impact energy, halves of wide-plate specimens WP-2.1 and -2.5. 

(b) percent ductile fracture, and (c) lateral expansion. 
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Table 3.3. Curve-fit parameters of CVN impact energy: 
WP-2 series material (T-L orientation) 

Region Depth 
(t) 

E = (A/2){l+tanh[B(T-C)]}a 
NDT 
("C) 

E at 
NDT 
(J) 

Temperature 
at 41 J 
("C) 

WP2.1 114 62 0.01996 79 b 20 96 
WP2.1 112 61 0.02595 82 60 15 96 
WP2.5 112 65 0.01939 76 55 20 90 

aE = CVN impact energy at temperature T in "C, 
A = USE, 
B = related to slope of curve in transition region, 
C = temperature corresponding to energy equal to one-half USE. 
bNot calculated; drop-weight NDT temperature was determined with 

specimens from 112t. 

Table 3.4. Curve fit parameters of CVN 
impact energy: PTCl characterization 

block (T-L orientation) 

E = (A/2){l+tanh[B(T-C)]}a E at Temperature 
at 41 J Depth NDT of 
("C) (t) A B C 49°C 

(J) ("C-1) ("C) (J) 

0 60 0.02062 81 b 99 
114 59 0.01998 74 16 94 
112 50 0.01675 76 b 120 
3 14 64 0.02255 73 b 87 
1 63 0.02112 78 b 92 

aE = CVN impact energy at temperature T in "C, 
A = USE, 
B = related t o  slope of curve in transition region, 
C = temperature corresponding to energy equal to 

one-half USE. 

mined with specimens Erom 1/4t, 
bNot calculated; drop-weight NDT temperature was deter- 
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Fig. 3.3. Curve fits of CVN impact energy vs temperature for 
characterization block PTCl (2  1/4 Cr-1 Mo steel) for T-L orientation 
and at various plate depths. 

Table 3.5. Summary of results for drop-weight and 

and -2.5 specimens and PTCl 
characterization block 

CVN impact tests: broken halves of WP-2.1 . ,, 

. I  

Averagesa 

and -2.5 
from UP-2.1 PTCl 

Drop-weight NDT temperature, OC 
CVN 
Energy at NDT temperature, J 
USE, J 
Temperature at 41 J, "C 
Temperature at onset of 100% 

Temperature at 50% of USE, OC 
shear, OC 

60 49 

15-20 16 
61-65 50-64 
90-96 87-120 
150 150 

76-82 73-81 

aAverages of resuits for material from both plates, 
including tests from quarter- and half-thickness depths in 
plate. 

L 
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Table 3.6. Tensile properties of transverse-oriented specimens 
machined from broken halves of specimens UP-2.1 and -2.5 

I - . . - , - . - - . - -  

WP-2.1 WP-2.5 - 0.2% YIELD STRENGTH - ULTIMATETENSILE STRENGTH : 
99% CONFIDENCE INTERVAL : 
(PTCl MATERIAL) I A 0.2%YlELD 0 

ULTIMATE 0 A 
L 

* .  
q - .  . . . 

- - ** - - - - - . . . . . . . . . a. . -. . . . . . . . . . . . .a 
A 

Strength 
(MPa) Total 

elongation Reduction 
(%) of area 0.2% yield Ultimate 

Test a Test a b c  

Temperature 

(XI ("C)  
Specimen 

result result 

,,i 200 z 
100 : 

0' * . . . ' * . * * ' . . ' * ' - . - .  

WP2-110 
WP2-101 
WP2-102 
WP2-112 
WP2-103 
WP2-106 
WP2-105 
WP2-108 

WP2-505 
WP2-508 
WP2-504 
WP2-506 
WP2-501 

23 
23 
100 
100 
200 
200 
300 
300 

23 
100 
200 
200 
300 

311 
318 
262 
271 
249 
249 
263 
281 

292 
287 
226 
222 
285 

WP-2.1 material 

595 
315 598 

544 
267 544 

5 19 
249 523 

527 
272 533 

WP-2.5 material 

292 597 
287 554 

472 
224 472 
285 543 

26 25 
596 23 ' 23 

21 20 
544 23 23 

23 21 
521 22 19 

22 19 
530 15 16 

597 21 20 
554 19 18 

23 21 
412 22 21 
-543 16 16 

50 
51 
50 
51 
44 
46 
44 
38 

50 
46 
51 
50 
40 

'Averages of results at this temperature. 

bAs determined from gage length. 

'=As determined from change in total specimen length divided by length 
of reduced section. 

Fig. 3 . 4 .  Comparison of WP-2 material .tensile strength test 
results with 99% confidence interval obtained from PTCl characterization 
block material tests. 



Table 3.7. Tensile properties of specimens machined transverse to the 
rolling direction of material from characterization block PTCl 

* .  

Strength 

( x  J 
stress 

Ultimate (MPa) 

Temperature 
( " C )  

Specimena 

b c 

PI97 
PI93 
PI94 
PI127 
PI118 
PI123 
PI98 
PI 114 

PI283 
PI291 
PI285 
PI286 
PI292 
PI287 
PI288 
PI293 
PI289 
PI290 
PI294 

PI369 
PI370 
PI371 
PI372 
PI374 
PI373 

-100 
. -100 

-50 . 
0 
0 

200 
300 

, 100 

24 
24 
100 
100 
100 
200 
200 
200 
300 
300 
300 

24 
25 
100 
100 
200 
300 

266 
3 14 
265 
266 
259 
241 
248 
234 
290 
244 
248 

275 
295 
256 
276 
263 
254 

4.52-mm-diam spec imens  

512 715 573 
503 719 572 
348 664 470 
321 603 466 
346 599 468 
320 537 44 1 
269 493 411 
327 533 478 

6.35-mm-diam spec imens  

348 5 74 467 
3 14 586 501 
359 530 446 
337 523 432 
340 530 449 
315 511 447 
315 509 434 
330 5 13 442 
344 520 454 
325 513 454 
335 515 46 1 

12.7-mm-diam spec imens  

336 578 
603 
536 
554 
534 
524 

35 50 
41 51 
28 51 
26 53 
25 56 
21 48 
20 50 
15 38 

26 51 
25 44 
22 47 
24 50 
26 47 
20 46 
19 46 
20 45 
16 41 
17 43 
16 41 

26 47 
27 50 
23 46 
24 46 
23 47 
21 42 

aAll specimen machined from 1/4t depth in plate with transverse orientation. 
bYield strength obtained from x-y plot of load vs strain extensometer 

=Yield strength obtained from strip-chart recording of load vs crosshead 
(25.4-mm gage length). 

speed. 
. dComputed from strip-chart readings of elongation of specimen, corrected to 

a gage length of four diameters when necessary. The elongations for the 12.7-mm- 
diam specimens were computed from gage marks in the specimens. 
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Fig. 3.5. Typical room-temperature stress-strain curve for 
material obtained from characterization block PTCl in direction trans- 
verse to material rolling orientation. 

As may be seen from Fig. 3 . 4 ,  most results from the present tests 
fall within the 99% confidence interval of results obtained previously 
from the PTCl material. The only deviations were two specimens using 
WP-2.5 material tested at 2OO0C, in which both the yield and ultimate 
strength are about 10% less than the averages obtained from WP-2.1 
material. Tensile properties generally do not exhibit much scatter, and 
it is assumed that the cause of ‘this deviation is experimental error. 
Thus, it may be concluded that the posttest material from the WP-2 
plates had not been subjected to any significant strain levels, either 
during the fabrication or testing of the large 10-m-long, single-edge- 
notch (SEN) specimens. 
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, I .  

3.5 CRACK-ARREST TESTING 

Crack-arrest tests were performed according to the ASTM Test for 

Ferritic Steels (E 1221-88) using 33 x 150 x 150 mm specimens. From 
each of plates WP-2.1 and -2.5 seven specimens were fabricated; three 
specimens were duplex, and four were weld embrittled. The test results 
are given in Table 3.8 and plotted in Fig. 3.6. Also plotted in 
Fig. 3.6 are the results from previous T-L orientation tests on the PTCl 
characterization block (given in Table 3.9). Only one specimen, WP213, 
from the WP-2.1 material and tested at 70°C was valid in strict accord- 
ance t o  ASTM E 1221 and gave a KLa of 82 MPa-6. The ASTM E-1221 mea- 
sures of validity have also been included in Table 3.8. The letters A-E 
refer to the corresponding criteria given in Table 2 of ASTM E 1221-88. 
The first row of values given for each specimen in 'the table are the 
lengths of the unbroken ligament (A and B), specimen thickness (C), and 
the crack jump (D and E). The values in parentheses are the minimum 
ones specified in ASTM E 1221-88. Some specimens are marginally 
invalid, and others grossly so. 

Determining Plane-Strain Crack-Arrest Fracture Toughness, KIa, of 

ORNL-DWG 895010 ETD 

NDT 

0 l . . . . I . . . . I  I . . . .  

-1 00 -50 0 50 
TEMPERATURE (OC) 

100 150 

- 
Fig. 3.6. Comparison of posttest crack-arrest toughness (Ka) 

values obtained for specimens fabricated from plate halves of specimens 
WP-2.1 and -2.5 with those obtained from PTCl material and ASME KIa 
curve. 
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Table 3.8. Crack-arrest toughness data from WP-2.1 and 
-2.5 material for both weld-embrittled and 
duplex specimens in the T-L orientation 

ASTM E 1221 validity criteriaa 
measured and minimum 

Specimen values b 
(mm) 

Temperature Ka 
("C) ( MPa &) 

ID TypeC 
A B C D E 

WP212 

WP213 

WP2 14A 

WP2 11 

WP2 16 

WP218 

WP215 

WP252 

WP253 

WP254 

WP25 1 

WP256 

WP25 7 

WP255 

WE 

WE 

WE 

WE 

DX 

DX 

DX 

WE 

WE 

WE 

WE 

DX 

DX 

DX 

70 

70 

70 

80 

88 

90 

100 

50 

50 

70 

60 

80 

90 

110 

WP-2.1 material 

97 46 

82 37 

52 18 

124 63 

160 45 

187 62 

158 53 

(19) 

(19) 

(19) 

(19) 

(19) 

(19) 

(19) 

WP-2.5 material 

51 7 

72 24 

107 57 

55 14 

124 43 

164 56 

164 59 

(19) 

(19) 

(19) 

(19) 

(19) 

(19) 

(19) 

46 
(49) 
37 
(35 1 
18 
(14) 
63 
(81) 
45 

( 143 
62 
(194) 
53 
(141 1 

7 
(13) 
24 
(27) 
57 
(60) 
14 
(16) 
43 
(86) 
56 

( 148 1 
59 
(156) 

33 
(39) 
33 
(28) 
33 
(11) 
33 
(65 1 
33 
(114) 
29 
(155 1 
29 
(113) 

33 
(11) 
33 
(21) 
33 
(48) 
33 
(13) 
33 
(68) 
33 
(119) 
33 
(124) 

35 35 
(23) (36) 
43 43 
(23) (35) 
63 63 
(23) (30) 
18 18 
(23) (35) 
24 
(25 1 
7 

(20) 
15 

(20) 

73 73 
(23) (41) 
57 57 
(23) (51) 
24 24 
(23) (33) 
67 67 
(23) (42) 
26 
(24) 
13 
(24)' 
9 

(24) * 

aThe letters A-E refer to the validity criteria per ASTM 1221-88 

bMinimum values are in parentheses. 

=WE = weld-embrittled specimen; DX = duplex specimen. 

paragraph 9.3, Table 2. 
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Table 3.9. Crack-arres t (Ka)' data f o r  . .. PTCl material (T-L orientation) . . 

- .,_ ~. . ..,.- .. 
Test .* 

Specimen temperature 
("C) 

na - 
(MPa Jm) 

Weld e m b r i t t l e d ,  33 x 152.  x 152  mm ' 

P1320 
PI321 
P1313 
P1318 
P1314 
P1316 

. P1317 
P1319 
P1315 
PI322 

PI308 
PI310 
PI311 
PI312 

0. 
0 

49 
49 
68 
69 
79 
79 
89 
89 

Duplex,  33 x 152 x 152  mm 

90 
100 
110 
120 I 

44 
37 
73 
129 
81 
97 
106 
97 
149 
141 

. .  

144 
145 
140 
191 

Precracked ,  33 x 152 x 152 gm 

PTClA 
PTC 1 C 
PTClB 

-75 
-75 
0 

38 . . 
38 
64 ' 

All T-L orientation data from both PTCl and WP-2 material were used 
to obtain the regression fit of the curve shown dashed in Fig. 3.6. The 
equation was of the form Ka = a + b exp (0.0287 TI, where T = tempera- 
ture ("C), Ka is the crack-arrest toughness (MPa*l/iii), and a and b are 
constants to be determined by regression. The resulting equation is 

Ka = 55 + 5 exp (0.0287 T) MPa-fi . (3.1) 

The constant 0.0287 was chosen for consistency with previous wide-plate 
te.st results (see p. 37, Ref. 6). Equation (3.1) may also be written in 
a form used in previous work as 

where NDT = 60°C. 
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In the analysis of the PTSE-2 experiment,* the same form of equa- 
tion was regression-fit t o  both T-L and T2S small-specimen data and gave 
Ka = 34 + 11 exp [0.02413 TI, which can be rewritten as 

= 34 + 36 exp [0.02413 (T - NDT)] MPa.6 , Ka (3.3) 

where, for PTC1, NDT = 49°C. Equations (3.2) and (3.3) have been 
plotted together in Fig. 3.7 for comparison. Note that Eq. (3.2) is an 
"average" one in the least-squares sense, with the coefficient of the 
temperature 0.0287 chosen "a priori." The parameters in Eq. (3.3) were 
adjusted to give a better fit to the temperatures of interest. As may 
be seen from Fig. 3.7, the differences between Ka calculated from either 
Eq. (3.2) or (3.3) for temperatures above NDT are relatively small, 
while there are substantial differences below NDT. 

The results of the crack-arrest testing, in spite of invalidity in 
strict accordance with ASTM E 1221-88, appear to agree reasonably well 
with those of PTC1. Moreover, the trends exhibited by both valid and 
invalid small-specimen data from PTC1, T-L and T-S orientations,* agreed 

*Incidently, there seems to be no noticeable differences between 
the T-L and T-S orientations in the small-specimen crack-arrest data 
from PTC1, as can be seen from Fig. 3.7. 

-1 00 -50 0 50 
TEMPERANRE (OC) 

100 150 

Fig. 3.7. Comparison of regression fits of crack-arrest toughness 
data for all PTCl (T-L and T-S orientations) material data and for WP-2 
and PTCl materials (T-L orientation). 
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well with the results of PTSE-2 (Fig. 3.8). ' This agreement tends to 
further reinforce the belief that the validity criteria of ASTM E 1221- 
88 may be overly restrictive. 

ORNL-DWG 873961A ETD 

0 TS 1.3 X 6 X 6 WELD EMBRllTLED 
0 TS 1.3 X 6 X  6 DUPLEX 
A TS2.0XBXBDUPLEX 

- ,o TLl.3X6X6WELDEMBRrrrLED 
0 TL1.3X6X6DUPLEX 
V TL 1.3 X 6 X 6 PRECRACKED 

* 0 PTSEP RESULTS 

0 0 

I 
I 
I 
I 0 I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

I 

I 

O / Z  LIMIT 

0 - 
I I 

-1 00 -50 0 50 100 - 150 200 
TEMPERATURE ("C) 

Fig. 3.8. Comparison of crack-arrest toughness test results 
obtained from PTCl and PTSE-2 LUS 2 1/4 Cr-1 Mo materials. 

3.6 PBBCTUBE-TOUGWESS TESTING 

Fracture-toughness testing was conducted with 25-mm compact speci- 
mens C(T) machined from halves of plates WP-2.1 and -2.5. The same pro- 
cedures and methods of anal9sis were used as for the characterization of 
PTC1. The specimens were machined from midthickness (1/2t) in the T-L 
orientation. In the temperature range 40 to 6OoC, where cleavage was 
expected, the specimens were not. side grooved. One trial specimen with 
no side grooves was tested at 80°C and d i d  not cleave. Thus, those 
remaining to be tested at 80°C or higher were side grooved 20%. Because 
of the limited purpose of posttest characterization, only specimens from 
WP-2.5 material were tested at 80°C or higher. 
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In the 40 to 80°C transition range, a K value was calculated by 
determining the modified J-integral7 at the point of cleavage (J,) and 
using the relationship K* = EJc, where E is Young's modulus (a value of 
205 GPa was used). For the single specimen, WP2504, that experienced 
significant stable ductile tearing without final cleavage failure, a 
"JC" was determined at the point of maximum load, resulting in a "KJc" 
of 206 MPa-fi. Specimen WP2504 also experienced a pop-in at 120 MPa-6, 
and this is the value used on the plot of transition region fracture 
toughness given in Fig. 3.9 ,  and not the 206-MPa-fi value, because no 
cleavage is associated with the latter. The unloading compliance method 
was used to estimate crack extension, but the test is conducted so as 
not to preclude a possible determination of KIc per ASTM Standard Test 
Method for Plane-Strain Fracture Toughness of Metallic Materials 
(E 399). The graphical output from the analysis of a typical test is 
shown in Fig. 3.10. Crack extension was determined using the nine-point 
averaging technique. 

The results of the 40, 60, and 80°C Kjc tests are shown in Table 
3.10. Also given in Table 3.10 are the KBc values calculated using the 

Jc. 

Jc 

ORNL-DWG 845013 VD 
3 0 0 - * . . l . . . l . . . l . . . l . ~ ' /  

/. 
/ :  0 WP-2.1 

A WP-2.5 (NO SIDE GROOVES) / -  
/ g2": 

% m: 

=) 150- SI 

a is A WP-2.5 (20% SIDE GROOVES) 
5 
LLI z 
I 
<3 

LLI : 
3 

----- 
U 

50- 

0 I . . -  1 . . .  1 . . . 1 . . .  

0 20 40 60 80 100 
TEMPERATURE (OC) 

Fig. 3.9. Comparison of posttest initiation toughness (KJ ) for 
specimens fabricated from plate halves of specimens WP-2.1 and -2.5 with 
range of values exhibited for specimens fabricated from PTCl character- 
ization block. 

. . I /  . . , ,  
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CRACK EXENSON (mm) 
ORNL-DWG 895012ETD 

. .  

n ORIENTATION, im 
1T20% SIDE GROOVE 
176OF/8OoC TESTTEMPERATURE 

CRACK EXTENSION (in.) 
t 

Fig. 3.10. Graphical oqtput from analysis of a typical fracture 
toughness test at 80°C using single-specimen unloading compliance 
method . 

method described by Merkles and the measured stable ductile crack 
extension (including blunting). No valid KIc values were obtained, even 
at 4ooc, because of the low yield strength of this material. The 
scatter is typical of that exhibited in the transition range. At 8OoC, 
the upper value of KJc is about twice the lowest one, but this ratio 
decreases to 1.3 at 40°C. The results are also shown in Fig. 3.9, which 
includes the 99% confidence band of PTCl results. There is no 
significant difference in results between material from WP-2.1 and that 
from WP-2.,5,, but the :WP-2 material overall has noticeably lower initia- 
tion toughness than PTC1, at least >40"C. 

Data from the tests at 40 and 60°C were used to obtain a regression 
fit to an equation of the form KJc = a + b exp (0.036 TI, where T = tem- 
perature in "C, KJc is the fracture toughness in MPa-fi, and a and b are 
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Table 3.10. Transition region .fracture-toughness results 
from posttest characterization using 25-m C(T) specimens 

(1/2t) ,machined .from broken halves of specimens 
WE-2.1 and -2.5 (T-L orientation) 

Stable 
Side , KJc ‘4Sc crack 

. ?a-&) (MPa.6) extension 
. .  (mm) 

WP2109 
WP2115 
WP2108 
WP2107 

WP2104 
WP2118 
WP2106a 
WP2101 

WP2506 
WP2526 
WP2503 
WP2511 
WP2521 

WP2514 
WP2518 
WP2505 
WP2508 

WP2504b 
WP2504= 
WP2510 
WP2516 
WP2517 
WP2534 

40 
40 
40 
40 

60 
60 
60 
60 

40 

’ 40 
40 
40 

,40 

60 
60 
60 
60 

80 
80 
80 
80 
80 
80 

Wp-2.1 material 

0 95 
0 113 
0 101 
0 96 

0 14 1 
0 129 
0 133 
0 150 

wP-2. 5 material 

0. 106 
0 12 1 
0 110 

, O  111 
0 91 

0 94 
0 118 
0 155 
0 147 

20 120 
20 .266 
20 198 
20 191 

20 2 10 
20 i5 1 

51 0.0 
55 0.0 
53 0.0 
52 0.0 

59 0.7 
57 0.7 
58 0.1 
61 1 .o 

54 0.0 
57 0.0 
55 0.0 
55 0.0 
51 0.0 

51 0.2 
55 0.3 
62 0.9 
60 0.9 

52 0.4 
63 5.9 
63 4.5 
62 3.3 
57 2 00 
64. 4.7 

aPop-ins at 82 and 115 M P a 6 .  

bPop-in at cycle 13; values given’.are at maximum load of 

CNo cleavage; values are final oneS.-when test was discon- 

cycle 13. 

tinued and are not included in Fig.-3.10. 
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constants ;t,o bekdetermined ,-by regression. , The resulting equation is I 

r - r ,  , . ,  . *  I . . , , ; - . . ~  i , t . , *  . ' . 1 .  

1 ,. ~ . 1 '  : , .  

KJc = 78 + 6 exp,.(0,036 T) MPafJifi .~. I (3.4) 

~ I _. 
The t.emper;ture' coefficient 0.036 was chosen for consistency with pre- 
vious' work (WP-1 ,test series). Equation (3.4) may also be written in 
the,, f 9rm < I  - 

' * ,  * '  
2 

,, I >  t 

KJc ='78 + 5 6  exp [0.036 (T - NDT)] Mea*& , (3.5) 

where NDT = 60°C. 
The results of toughness testing performed at 120, 160, and 200°C 

are given in Table 3.11. A power-law of the form J = A(Aa + B)' + D was 
fit to the JM data, with the parameters given in Table 3.11. The inter- 
section of the power-law fit with the 0.2-mm offset line is used to 
determine JIc . The, table gives J-integral values calculated by deforma- 
tion theory, JD, as recommended in the ASTM Test for JIc, A Measure of 
Fracture Toughness (E 813 - 871, as well as modified J-integral,T JH. 
The values of Kj were determined from the respective values of J by 
the expression given above. The tearing modulii were obtained from the 
nondimensional expression 

IC - 

T = [E/(af)*1(dJ/da) , 

where 

(dJ/da) = slope of a straight line joining the intersection of the 
power-law fit and the 0.15- and 1.5-mm exclusion lines, 

E = Young's modulus (205 GPa), 
uf = flow stress, an average of the ultimate strength and 0.2% 

offset yield strength at test temperature. 

The-power-law curve fits' to the JM data for all seven specimens 
tested [120"C (three specimens), 160°C "(two specimens), and 200°C (two 
specimens)] have been plotted in Fig. 3.11. The number of specimens 
tested is too small to permit statistical analysis or firm conclusions 
regarding comparisons,with PTC1, but the scatter of the data from WP-2.5 
material seems to be smaller than that exhibited by PTC1.2 The values 
of JM for WP-2.5 material seem to fall in the scatter band exhibited by 
PTC1. The averaged and interpolated tearing modulii for PTCl at 120, 
160, and 200°C were approximately 90, 80, and 67, whereas for WP-2.5 
material they were 71, 70, and 66, respectively. Thus, the tearing 
modulii for WP-2 material at 120 and 160°C are -80% of those for PTC1, 
but almost the same at 200°C. The trends exhibited by the tearing 



Table 3.11. Ductile-shelf fracture-toughness results from posttest 
characterization using 25-mm C(T) specimens (1/2t) machined from 

broken half of specimen WP-2.5 (T-L orientation) 

Curve fit parametersC 
J = A(Aa + B)' + D 

A B C D 
Tearing 
modul u sb 

Cracka 
JI c KJIC 

Test (kJ/m2) (MPa-h) 
Specimen temperature extension 

("C) JD JM JD JM (mm) 
ID 

WP2515 120 61 60 111 110 6.6 70 113 0.069 0.449 -10 
WP2519 120 50 47 100 97 7.5 70 101 0 0.477 -6 
WP2507 120 54 53 104 103 5.9 72 111 0 0.449 -9 

WP2509 160 54 52 103 101 7.6 62 92 0.035 0.467 -1 
WP2532 160 50 47 99 96 7.4 77 142 0 0.349 -42 

KJ 
03 

WP2523 200 49 48 98 97 7.0 57 81 0.037 0.459 1 
WP2529 200 37 35 8a 85 7.4 75 122 0 0.362 -38 

aMeasured final crack extension. 
bCalculated from intersection of power-law fit' and offset lines. 

=JM data were used. 



29 

ORNL-DWG 89-5014 ETCI 

400 . WP-2.5 POSTTEST CHARACTERIZATION, T-L, 1 R (1) . . MODIFIED ERNST J-INTEGRAL 
POWER-LAW CURVE FITS 

SPECIMEN ID WP25- 

300 - 

0 5 10 
CRACKUClENSlON (mm) 

Fig. 3.11. Comparison of J-integral (J ) resistance curves at 
three temperatures for specimens obtained &om WP-2.5 material at 
midthickness in T-L orientation. 

modulii for both materials are consistent because there is a decrease in 
modulus with increasing temperature. 

values for the tests that did not undergo.cleavage frat- 
ture are much lower than many of the Kjc values from specimens that did 
undergo mode conversion from stable tearing t o  cleavage fracture. 
Table 3.10 shows, for example, that specimen WP2534, tested at 8OoC, 
experienced 4.7 mm of stable crack extension before cleavage fracture 
with a KJc, value of 210 MPa-JE. The J-R curve for that specimen is 
shown in Fig. 3.9. A JIc*value (using modified J.) for that specimen is 
-44 kJ/m2, which is lower than those shown in Table 3.11 for specimens 
that did not cleave at 120°C. value is 95 MPa-J; and 
compares with the KJc values at 8OoC, which ranged from 120 to 
210 MPa-Jz. This comparison reinforces the observation that cleavage 
fracture-toughness values in the mid-to-upper-transition region can be 
substantially greater than the toughness determined at the onset of 
ductile tearing. 

A dynamic fracture-toughness relation (see p. 38, Ref. 6 )  for u'se 
in analyses of the wide-plate tests is written a s  

The KJ 
' IC 

The resulting KJ 
IC 

(3.6) 2 KID = Ka + A(T) i , 
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where KIa is given by Eq. (3.2). For 

and for 

A(T) = [121.7 + 1.2962 (T - RTNbT)] x MPa.s2-1n-3/~ 

Units for KID, a,  and T are MPa.J?ii, m/s, and OC, respectively. The form 
of the KID expression in Eq. (3.6) and relations for A(T) are derived 
from Ref. 9 by estimating that RTNDT = -6.1"C for the material used in 
that study. Much of the data used in Ref. 9 are presented in Ref. 10. 
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4. SPECIMEN PEEPARATION, INST'RUMENTATION, 
AND TESTING PROCEDURE 

4.1 SPECIMEN PREPARATION 

The 1 x 1 x 0.1 m or 1 x 1 x 0.15 m test articles, shown schemati- 
cally in Fig. 4.1,' were machined and precracked by ORNL before being 
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.' The notch 
(a/w .. 0.2) was composed of a 25.4-mm-wide gap that was machined to a 
depth of 187 mm (X in Fig. 4.1) plus the EB weld-generated crack that 
had a depth of -12.7 mm at the end of the gap. Each,face of the speci- 
men was side-grooved to a depth equal to 12.5% of the plate thickness, 
and the grooves had a 0.25-mm-root radius. The initial crack was 
parallel to the rolling direction. With the exception of test specimens 
WP-2.3 and -2.6, the crack front of each specimen was then cut into a 
truncated chevron configuration (Fig. 4.3) to reduce the tensile' load 
required to achieve crack initiation. Table 4.1 presents dimensions for 
each test article in the WP-2 series. 

ORNL-DWG 85-43188 ETD 
CRACK PLANE (SIDE GROOVED)7 ' 9.6--= 

0.1 INITIAL FLAW 

e-. ENLARGED DETAIL 

0.102 OR 0.1521( 
ELEVATION DIMENSIONS IN meters 

Fig. 4.1. Schematic of HSST wide-plate crack-arrest specimen. 
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Fig. 4 . 3 .  Schematic of chevron configuration of crack front. 



Table 4.1. WP-2 series test specimen dimensions 

Thickness 
at a', 

Chevron Pop-in 
Specimen crack Thickness, thickness, Notched thickness Width, crac'k 
designation length, B at ao, W length, 

Initial - 

B'O a, BN BC a; c, 
WP-2 . 1 199 152.3 113.9 61.5 1000 a a 
WP-2 . 2 211 152.4 113.9 71.9 1000 a a 
WP-2 . 3 200 152.4 113.8 - a 1000 a a 
WP-2 . 4 203 101.7 76.3 . 40.5 1000 251 75.5 
WP-2.5 199 101.6 76.2 40.7 999 264 76.2b 
WP-2.6 224 152.4 113.9 a 1000 a a 

w 
ul 

aNot applicable. 
bCrack length after pop-in was past the region of the plate where crack front had 

been cut into a truncated+chevron configuration. 



36 

Upon receipt of the test article from ORNL, NIST welded it to pull 
plates,* which were nominally 103 mm thick for the 102-mm-thick test 
articles and 153 mm thick for the 152-mm-thick test articles. The pull 
tabs at the end of the pull plates were strengthened by being 152 mm 
thick for the 103-mm-thick test articles and 162 mm thick for the 
152-mm-thick test articles. (Chapter 2 of Ref. 2 presents a discussion 
of the development of the test specimen geometry.) Figure 4.4 gives the 
dimensions for each of the WP-2 test assemblies. Note that the specimen 
lengths changed from test to test because of removal of the test article 
and adjoining weldment from the pull plates after each test. Before 
application of 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 shown in Fig. 4.5. 

4.2 INSTRUMENTATION 

To obtain pertinent data during each test, the specimens were 
instrumented with five types of devices: thermocouples, strain gages, 
crack-opening-displacement (COD) gages, accelerometers, and a displace- 
ment transducer. Reference 3 gives more detailed information on speci- 
men instrumentation than that presented below. 

Up to 40 thermocouples were positioned on each specimen, as shown 
in 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 
specimen. 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-plate specimen. 
The thermocouples were sequentially monitored on a periodic basis and 
corrected for room temperature, and the results were both recorded on 
magnetic tape and displayed on the computer screen (Fig. 4.7). During 
the heating and cooling processes, the thermocouples adjacent to the 
crack plane [Nos. 0-10 in Fig. 4.6(a) and Nos. 0-19 in Fig. 4.6(b) and 
(c)] were displayed graphically in real time to indicate the relation- 
ship between the actual and desired thermal gradient across the specimen 
width. The other thermocouples were used to indicate the temperature 
distribution at other positions on the specimen and pull plates during a 
test for use in posttest analysis. 

The total number,,of strain gages, as well as positioning on the 
specimen, has varied ftom test to test. Up to 29 strain gages have been 
used in a test to' provide dynamic strain-field measurments for deter- 
mination of crack velocity and to provide far-field strain measurements 
for assessing boundary conditions. Strain gage locations used for the 
WP-2 series tests ,are presented in Figs. 4.8 and 4.9. The crack-line 
gages [gages 1-22 in Fig. 4.8(a3, (c), and ( a ) ;  and gages 1-20 in. Fig. 
4.8(b) and Fig. 4.91 were two-element, 90" stacked, 3504 Karma alloy 
(nickel-chromium atloy) gages on a polyimide backing. The gages had a 
coefficient of thermal expansion similar to that of the test specimens. 

*Automated, dual-shielded metal insert gas (MIG) process used to 
join test articles WP-2.1, -2.3, -2.4, and -2.5 to pull plates. 
Electroslag process used to join test articles WP-2.2 and -2.6 to pull 
plates. 
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Outputs of the crack-line gages for tests WP-2~1 through -2.5 were 
proportional to the difference between the longitudinal and transverse 
strains. Outputs of crack-line gages positioned on the front face of 
specimen WP-2.6 were also proportional to the difference between the 
longitudinal and transverse strains; however, crack-line gages 13-20 
positioned on the back-face of specimen WP-2.6 were rotated 45" relative 
to the orientation of that used €or other crack-line gages (Fig. 4 . 9 ) .  
This change in strain gage orientation was used to increase the sensi- 
tivity of the gages to the effects of the crack. Near- and far-field 
strain gages were uniaxial 350-SI Constantan alloy gages on a polyimide 
backing. The strain gages were attached to the plates with an elevated- 
temperature cured epoxy. All gages were connected to low-reactance 
bridges (half-bridge configuration for crack-line gages), the imbalances 
of which were amplified by wide-band differential amplifiers. The 
strain-gage signals were recorded by a multichannel, wide-band, 
frequency-modulated, magnetic tape recorder, shown schematically in 
Fig. 4.7. 

Additional instrumentation included capacitance-based COD gages 
mounted on the front and back faces of each specimen at a/w = 0.15. The 
gages measured the displacement between points 30 mm above and 30 mm 
below the crack plane. Accelerometers were located on the specimen's 
centerline near the upper and lower pull pins. In addition, specimens 
WP-2.1 and -2.3 were instrumented with an acoustic emission (AE) trans- 
ducer located on the specimen's lower pull plate, and specimens WP-2.2, 
-2.3, and -2.6 were instrumented with a dynamic displacement transducer 
mounted on the specimen centerline near the bottom 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. Table 4.2 indicates the presence and location of the 
accelerometer and dynamic displacement instrumentation for each test. 

Table 4.2. Presence and location of 
accelerometer and dynamic displace- 
ment instrumentation used in WP-2 

series tests 

Accelerometer Dynamic 
displacement 

Top Bottom gage location 

Test locat iona 
specimen b 

WP-2.1 3.653 3.655 
WP-2.2 3.458 3.453 
WP-2.3 3.585 3.589 3.589 
WP-2.4 4.038 4.041 
WP-2.5 3.911 3.934 
WP-2.6 3.491, 3.398 3.393 

'Distance in meters above (top) or 

'Distance in meters below the crack 

below (bottom) the crack plane. 

plane. 
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4.3 HEXTING-COOLING-INSULATION SYSTMSk 

After being instrumented, the specimen was placed into the NIST 
testing machine (Fig. 4.101, and eight individual electric-resistance 
strip heaters were attached to the back edge of the plate. Each heater 
was 2.8 cm wide with a heating element 61 cm long and rated at 
1.9 W/cmn. The heaters were attached to the plate in pairs and backed 
with 1.3-cm-thick sheets of insulating board (Marinite I) to hold them 
against the plate surface and to provide insulation. The heating level 
during a test was controlled by two means: (1) a variac transformer, 
which adjusted the power level or heat output of each heater, and 
( 2 )  separate on/off temperature controllers, which interacted with 
thermocouples at the edge of the plate to regulate two 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 heat- 
ing zone, consisting of two areas on either side of the first zone, was 
heated by two outward pairs of heaters. Temperature levels in the two 
zones were independently controlled to better achieve and maintain a 
linear thermal gradient across the specimen. 

The cold edge of the specimen was cooled by spraying liquid nitro- 
gen (LN2) onto the notched edge of the specimen. A 2.6-m-long insulated 
chamber was affixed to the specimen edge, equally spanning both sides of 
the notch. The LN, was pumped into the chamber and sprayed directly 
onto the specimen surface with 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 valve. When. the desired temperature was 
achieved, that level was maintained. by controlling the LN, flow with an 
on/off temperature controller interface with a thermocouple at the cold 
edge of the specimen. The temperature controller powered an electric 
solenoid gas valve that could stop or allow the flow of LN, into the 
cold chamber. 

Two types of thermal insulation were used to insulate the front and 
back faces of the specimen. (1) On the hot side of the plate, 5-cm- 
thick by 61-cm-wide mineral wool bats were used. The bats were posi- 
tioned on the specimen face at the vertical centerline of the specimen 
and extended beyond the heated edge and the strip heaters. ( 2 )  The cold 
side of the plate was insulated with 61-cm-wide by 5-cm-thick Styrofoam 
sheets, which butt up against the mineral wool at the specimen center- 
line and extend beyond the cooled edge or to the cold chamber. The cold 
chamber was insulated with 2.5-cm-thick Styrofoam sheets. All insula- 
tion was held tight against the plate surface and, in total, covered an 
area 3 m above and 3 m below the fracture plane on both the front and 

*Appendix B of Ref. 2 prese’nt-s more details on development and 
checkout of the temperature gradients system and also contains a 
discussion of the effect of the temberature I- gradient on the specimen 
thermal strain and stress state. - .  . 
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ORNL PHOTO 671 8-85 

Fig. 4.10. HSST wide-plate, crack-arrest test specimen installed 
in NIST testing machine. 
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back surfaces. Additional mineral wool and Styrofoam insulation were 
placed on the specimen edges above and below the heaters and cold.cham- 
ber to cover the same length on the specimen as the back- and front-face 
insulation. 

, ,  

4.4 TESTING PROCEDURE 

After completion of specimen insulation, all instrumentation was 
attached to the data acquisition systems. Checkout was conducted to 
demonstrate that all instrumentation systems were operational. A tem- 
perature gradient was imposed across the plate by LN, cooling of the 
notched edge while heating the other edge." LN, flow and power to the 
heaters were continuously adjusted to obtain the desired thermal 
gradient. Final check out of strain gages, COD gages, and the load cell 
were completed just.before initiation of specimen testing. Tensile load 
was then applied to the specimen at a rate of 10-25 kN/s (range for WP-2 
test series) until fracture occurred. Details of each test are 
presented in Chap. 5. 

*Before establishing the thermal gradient, specimens WP-2.2 and 
Details of the WPS procedure used for -2.6 were warm prestressed (WPS). 

these specimens are presented in Chap. 5. 
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5. SUMMARY OF WIDE-PLATE CRACK-rABBEST 
TESTS WP-2.1 THROUGH -2.6 

Table 5.1 presents a summary of the general conditions for tests 
that have been conducted under the WP-2 series of wide-plate crack- 
arrest tests. Test specimen dimensions were presented previously in 
Table 4.1. Transverse temperature profiles at the approximate time of 
the crack-initiation events are summarized in Fig. 5.1. Figure 5.2 pre- 
sents the fracture surfaces of each test specimen. The remainder of 
this chapter contains a brief summary of each test, including presenta- 
tion of pertinent results. 

5.1 TEST WP-2.1 

The purpose of test WP-2.1 was to initiate crack propagation in 
cleavage with arrest occurring in the central portion of the plate width 
at a temperature (-150OC) that approximates the onset of Charpy USE 
energy (see Sect. 3.3) .  After obtaining a satisfactory thermal gradient 
[Fig. 5.3(a)], specimen loading was initiated at a rate of 15.5 kN/s. 
As the specimen loading increased from 9.2 to 11.4 MN, the temperature 
at the crack tip decreased from 59 to 55°C [20-cm location in 
Fig. 5.3(b) and (c)]. The cause of this change is unknown. At a load 
of 11.9 MN, the fracture event initiated. The complete fracture event 
(cleavage and ductile tearing) lasted -100 ms, with the cleavage run- 
arrest events occurring over an -35-ms interval before the onset of 
tearing. A small (23-mm) ligament remained intact after fracture. Com- 
plete separation of the plate was obtained by reloading the specimen to 
850 Id. Figure 5.4 shows the load vs time relationship that occurred 
during test WP-2.1. 

The fracture surface of specimen WP-2.1 is shown in Fig. 5.5(a). 
Figure 5.5(b) gives a closeup of the fracture surface and shows more 
clearly the cleavage crack propagation-arrest events. Each cleavage 
arrest was delineated by a small line of fibrous fracture. The width of 
this line increased as the arrests occurred at higher temperatures; that 
is, at the first arrest the width of the fibrous fracture region was a 
fraction of a millimeter; however, at a/w - 0.5 the width of the fibrous 
fracture region had increased to several millimeters.* Small (1-mm- 
diam) islands of cleavage were visible at a/w s 0.58, which is beyond 
the final cleavage-arrest position. The fibrous fracture extending from 

*The width of the fibrous fracture region increased with each 
subsequent arrest of cleavage crack propagation because of increasing 
dominance of tearing fracture. Reinitiation of cleavage crack propaga- 
tion after the first crack run-arrest event resulted because of the 
dynamic nature of the stress-intensity factor resulting from the test 
setup, that is, reflected stress waves and specimen compliance. The 
process of tearing, reinitiation of cleavage crack propagation, and 
arrest continued until ductile fracture dominated and the specimen tore. 
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Table 5.1. Summary of HSST wide-plate crack-arrest test conditions 

WP-2 Series 
and results for specially heat-treated 2 1/4 Cr-1 Mo steel: 

Crack-tip Crack-tip 
location temperature Test 

No. (cm) ("C) 

Initiation Arrest 
load location 
(MN) (cm) 

Arrest Arrest 
temperature T - DWNDT 

("C) 

WP-2. lAa 19.9 
WP-2.1B 27.5 
WP-2.1D 33.5 
WP-2.1E 37.0 
WP-2.1F 40.0 
WP-2.1H 45.0 
WP-2.11 49.0 
WP-2.1 J 52.7 
WP-2.2Aarb 21.1 
WP-2.28 43.5 
WP-2.2c 46.5 
WP-2.2D 47.8 
WP-2.2E 49.9 
WP-2.2F 51.0 
WP-2.2G 53.8 
WP-2.3A 20.0 
WP-2.3B 34.0 
WP-2.3D 37.5 
WP-2.3F 39.7 
WP-2 .4Aa 20.3 
WP-2.4B 25. lC 
WP-2.4c 33.8 
WP-2.4D 39.7 
WP-2.4E 41.3 
WP-2.4F 46.2 
WP-2.4G 48.4 
WP-2.4H 51.5 

WP-2.5B 27 .2c 
WP-2.5c 35 .O 
WP-2.5D 43.5 
WP-2.5E 47.8 
WP-2.5F 51.6 

WP-2. 6Ad 22.4 
WP-2.6B 35.7 
WP-2.6C 39.7 
WP-2.6D 41.0 
WP-2.6F 43.0 
WP-2.6G 46.0 
WP-2.6H 48.0 

WP-2. 5Aa 19.9 

55 
80 
96 
105 
112 
125 
135 

+ 145 

58 
120 
129 
133 
139 
142 
150 

66 
97 
106 
111 

45 
61 
86 
102 
107 
121 
127 
137 
66 
86 
104 
124 
135 
144 

65 
104 
115 
119 
125 
133 
139 

11.90 
11.90 
11.90 
11.90 
11.90 
11.90 
11.90 
11.90 

17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17 .O 
15.3 
15.3 
15.3 
15.3 
7.52 
8.85 
8.85 
8.85 
8.85 
8.85 
8.85 
8.85 

7.53 
8.90 
8.90 
8.90 
8.90 
8.90 

19.3 
19.3 
19.3 
19.3 
19.3 

19.3 
19.3 

27.5 
33.5 
37.0 
40.0 
45 .O 
49.0 
52.7 
55.5 
43.5 
46.5 
47.8 
49.9 
51.0 
53.8 
58.2 

34.0 
37.5 
39.7 
45.7 
25.1 
33.8 
39.7 
41.3 
46.2 
48.4 
51.5 
55.5 
27.2 
35.0 
43.5 
47.8 
51.6 
56.0 

35.7 
39.7 
41.0 
43.0 
46 .O 
48.0 
54.0 

80 20 
96 36 
105 45 
112 52 
125 65 
135 75 
145 85 
152 92 

120 60 
129 69 
133 73 
139 79 
142 82 
150 90 
162 102 

97 37 
106 46 
111 51 
126 66 
61 1 
86 26 
102 42 
107 47 
121 61 
127 67 
137 77 
149 89 
86 26 
104 44 
124 64 
135 75 
144 84 
154 94 
104 44 
115 55 
119 59 
125 ' 65 
133 73 
139 79 
156 96 

aCrack front cut to truncated chevron configuration. 
bSpecimen was WPS by loading to 16 MN at 124°C. 

CAfter pop-in event. 

dSpecimen was WPS by loading to 15.6 MN at 110°C. 
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and ideal temperature distributions across speci- 
men width ( a )  at start of test, (b) at 9.2-MN load, and (c) at -10 s 
before initiation of fracture events: test WP-2.1. 
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O R N  L-PHOTO 2013-90 

Fig. 5.5. Fracture surface of specimen WP-2.1. (a) Overall frac- 
ture surface, (b) close-up of initial crack and cleavage crack-run- 
arrest region, and (c) close-up of initial crack and cleavage crack run- 
arrest region with arrest location highlighted. 
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a/w = 0.55 to the end of the plate was extremely fine, or flat, compared 
with the fibrous fracture regions in the WP-1 test series1 (A 533 grade 
B class 1 material). 

Examination of the fracture surface indicates that initiation of 
cleavage crack growth was in the plane of the side grooves, but as the 
crack extended, it gradually deviated from this plane. By the loss-of- 
cleavage location (a/w - 0.581, the crack was 14 mm below the plane of 
the side grooves. Once fibrous fracture took over, the crack returned 
to the side-grooved plane. Reduction-in-thickness contours surrounding 
the crack plane are shown in Fig. 5.6.* 

Evaluations of strain-gage recordst and the fracture :surface were 
used to deduce the crack length (position of the crack front) vs time, 
and the results are presented in Table 5.2. These strain-gage positions 
have been modified from those shown in Fig. 4.8(a) because the peak 
strain occurs at an angle of 72" in front of the crack tip. A plot of 
crack-front position vs time derived from the front-face and back-face 
strain gage outputs is presented in Fig. 5.7. The strain-gage-derived 
apparent crack position as a function of time indicates that for about 
the first 27.5 ms, the crack front advance was greater at the back face 
of the plate than at the front face. At elapsed times >27.5 ms, the 
crack front advance at comparable elapsed times was fairly consistent at 
the front and back faces. 

5.2 TEST WP-2.2 

Before testing, specimen WP-2.2 was WPS at a crack-tip temperature 
of 124°C (Fig. 5.8) by slowly loading it-to 16 MN, holding the load 
constant at this value for 5 min, and slowly reducing the load to 3 MN. 
The load history and load vs front-face COD results during warm pre- 
stressing are shown' in Fig. 5.9. While maintaining the load constant at 
3 MN, the thermal gradient was developed. 

After obtaining a satisfactory temperature profile (Fig. 5.101, the 
specimen was loaded at an average rate of 16.2 kN/s. At a load of 
17 MN, cleavage crack propagation initiated, and within -9 ms seven 
crack run-arrest events occurred. After the seventh crack run-arrest 
event, tearing fracture reinitiated with complete separation of the 
plate occurring -34.5 ms after first initiation of cleavage crack pro- 
pagation. 

Figure 5.12 presents overall and close-up views of .the fracture 
surface of specimen WP-2.2. The entire fracture took p1ace.h the plane 

Figure 5.11 presents the load history for test WP-2.2. 

. *Reduction-in-thickness measurements are performed using a deep- 
throated micrometer' with a resolution of 20.025 mm. The .measurements 
are of total thickness with no differentiation between front and back 
deformation. 

tDetailed presentation and discussion of the instrumentation 
results for each test are contained in Appendix A. 
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Table 5.2 (continued) 

Indicatora Position Time Velocityb 
(mm) (ms 1 h/s) 

aO 

SG13 

SG14 

Arrest A 
Reinitiation 

SG15 

Arrest C 
Reinitiation 

SG16 

Arrest D 
Reinitiation 

Arrest E 
Reinitiation 

SG17 

Arrest F 
Reinitiation 

SG18 

Arrest G 
Reinitiation 

Arrest H 
Reinitiation 

SGlO 619 51.35 

SGll 669 58.30 

SG12 719 ’ 66.00 

Remaining ligament 980 101.50 

Back-face measurements 

207 0 

279 0.092 

319 0.184 

345 0.242 
345 7.55 

359 7.63 

390 7.75 
390 8.86 

399 8.96 

410 9.04 
410 11.42 

430 11.48 
430 17.96 

439 17.98 

460 18.12 
460 20.04 

479 20.06 

490 20.18 
490 24.78 

505 24.98 
505 27.04 

Pront-face measurements (continued) 

783 

435 

448 

175 

258 

90 

138 

333 

450 

150 

950 

92 

75 

93 
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Table 5.2. Crack position vs time and 
velocity: test WP-2.1 

Ind i catora Position Time Velocityb 
(mm) (ms 1 (m/ s 1 

SG 1 

Arrest A 
Reinitiation 

SG2 

SG3 

Arrest B 
Reinitiation 

SG4 

Arrest D 
Reinitiation 

SG5 

Arrest E 
Reinitiation 

SG6 

Arrest F 
Reinitiation 

SG7 

Arrest H 
Reinitiation 

SG8 

Arrest I 
Reinitiation 

Arrest J 
Reinitiation 

SG9 

Front-face measurements 

199 

254 

275 
275 

279 

319 

335 
335 

359 

370 
370 

399 

400 
400 

439 

450 
450 

479 

490 
490 

519 

527 
527 

555 
555 

569 

0 

0.120 

0.194 
7.23 

7.48 

7 .50 

7.62 
7.68 

7.72 

7.77 
11.48 

11.50 

11.70 
17.96 

18.04 

18.14 
24.68 

24.96 

25.12 
27.04 

27.46 

27.62 
33.18 

33.36 
37.94 

41.15 

458 

284 

16 

200 

133 

600 

220 

1450 

5 

488 

110 

104 

69 . 

69 

50 

156 

4 

5 
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Table 5.2 (continued) 

Position Time Velocitya 
(mm) (ms 1 (m/s) Indi catora 

Back-face measurements (continued) 

Arrest I 
Reinitiation 

SG19 

Arrest J 
Reinitiation 

Arrest K 
Reinitiation 

SG20 . 

SG21 

SG22 

Remaining ligament 

518 
518 

519 

545 
545 

568 
568 

569 

619 

669 

974 

27.18 
32.94 

33.00 

33.06 
34.62 

34.76 
34.76 

39.66 

50.15 

58.35 

101.50 

17 

433 

164 

0.2 

5 

6 

7 

aThese strain-gage positions have been modi- 
fied because the peak strain occurs at an angle of 
72" in front of the crack tip. Also, the crack- 
arrest locations are averages of the quarter- 
thickness crack length and the crack length at the 
side groove. 

of crack propagation between the corresponding 
indicator positions. 

bVelocity is an average calculated veiocity 
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120 125 . 
118 125 

, - -  

Fig. 5.8. Actual and ideal temperature distributions across speci- 
men width during warm prestressing: test WP-2.2. 
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Fig. 5.9. Load vs (a) time and (b) front-face COD during warm 
prestressing: test WP-2.2. 
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Fig. 5.10. Actual and ideal temperature distributions acro 
specimen width ( a )  at start of loading and (b) just before initiation 
cleavage crack run-arrest events: test WP-2.2. 
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Fig. 5.11. Load history for test WP-2.2. 
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of the side grooves. Examination of the fracture surface indicates that 
multiple (six to seven) crack run-arrest events occurred before the 
onset of ductile fracture. The reduction-in-thickness contour map for 
the-specimen is presented in Fig. 5.13. Note that significant reduc- 
tions in thickness occurred only after the location corresponding to the 
initial arrest; that is, a/w .. 0.44. 

The strain-gage records (Appendix A) and fracture surface were used 
to deduce the crack lengths (apparent position of the crack front) 
during the fracture process, and the results are summarized in 
Table 5.3 .  The crack-line strain-gage positions have been modified from 
those shown in Fig. 4.8(b)  because the peak strain occurs at an angle of 
72" in front of the crack tip. Figure 5.14 presents a plot of strain- 
gage-derived crack-front position vs time from the front- and back-face 
strain-gage results. Crack propagation at comparable elapsed times 
during the test was fairly consistent at the plate front and back faces. 

5.3 TEST WP-2.3 

Test WP-2.3 was the first test in the WP-2 series that did not have 
the crack front cut into a truncated chevron configuration. After 
obtaining a satisfactory thermal gradient (Fig. 5.15) ,  specimen loading 
was initiated at a rate of 14 kN/s. At a load of 15.3 MN, the fracture 
event began and lasted about 950 ms (crack run-arrest events plus duc- 
tile tearing). Figure 5.16 shows the overall fracture surface for test 
specimen WP-2.3. A close-up of the cleavage and loss-of-cleavage 
regions with the cleavage run-arrest events highlighted is shown in 
Fig. 5.17. As noted in these figures, three cleavage run-arrest events 
occurred at the front face of the plate and four at the back face. The 
run-arrest events in Fig. 5.17(b) have been labeled A through F accord- 
ing to the apparent order in which they occurred. Examination of the 
fracture surface also indicates that initiation of crack growth in 
cleavage was in the plane of the side grooves, but as the crack ex- 
tended, it deviated from this plane at several places. The maximum 
deviation was 6 mm below the plane of the side grooves on the lower half 
of the fracture surface. Once fibrous fracture took over, the crack 
returned to the plane of the side grooves. Reduction-in-thickness 
contours surrounding the crack plane are presented in Fig. 5.18. 

Evaluation of the strain-gage records (Appendix A) and the fracture 
surface were used to deduce the crack length (position of the crack 
front) during the fracture process, and the results are summarized in 
Table 5.4.  The strain-gage positions have been modified from those 
shown in Fig. 4 .8 (c )  because the peak strain occurs at an angle of 72" 
in front of the crack tip. A plot of the strain-gage-derived crack- 
front position vs time from the front-face and back-face strain gage 
results for the first 50 ms of the test is presented in Fig. 5.19(a) .  
The crack front advance at comparable elapsed times during the cleavage 
crack run-arrest events was more rapid near the back face of the plate 
than near the front face. An expanded scale plot of the crack-front 
position vs time derived from the front- and back-face strain gage 
results over the z950-m~ duration of the test is presented ip 
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Table 5.3. Crack position vs time 
and.velocity: test WP-2.2 

Ind i catora Position Time Velocityb 
(mm1 (ms 1 (m/s 1 

Initial crack 

SG1 

SG2 

SG3 

SG4 

SG5 

SG6 

Arrest A 
Reinitiation 

SG7 

Arrest B 
Reinitiation 

Arrest C 
Reinitiation 

SG8 

Arrest D 
Reinitiation 

Arrest E 
Reinitiation 

Front -f a ce measurements 

211 

218 

258 

298 

338 

378 

418 

435 
435 

458 

465 
465 

478 
478 

498 

499 
499 

5 10 
5 10 

0 

0.008 

0.054 

0.080 

0.154 

0.234 

0.318 

0.398 
0.870 

0.926 

1.032 
1.546 

1.602 
1.946 

1.964 

1.966 
2.266 

2.320 
3.628 

875 

870 

1538 

541 

500 

476 

213 

411 

66 

232 

1111 

500 

204 

2333 

.. .. . 
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Table 5.3 (continued) 

Indica tora Position Time Velocityb 
(mm) (ms 1 (m/s 1 

~ ~~~ 

Front-face measurements 

Arrest F 538 3.640 
Reinitiation 538 7.830 

( tearing 

SG9 548 8.77 

Reinitiation 567 8.83 
(cleavage) 

Arrest G 
Reinitiation 
(tearing) 

582 8.91 
582 9.46 

SGlO 598 11.91 

SG11 698 16.81 

SG12 798 20.39 

End of plate 1000 34.48 

Back-face measurements 

Initial crack 215 0 

SG13 218 0.020 

SG14 258 0.048 

SG15 298 0.106 

SG16 338 0.186 

SG17 378 0.246 

SG18 418 0.314 

Arrest A 436 0.384 
Reinitiation 436 1.248 

11 

317 

188 

7 

20 

28 

14 

150 

1429 

690 

500 

667 

588 

257 

239 
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Table 5.3 (continued) 

Position Time Velocityb 
(mm) (ms 1 (m/s) Indicatora 

SG19 

Arrest B 
Reinitiation 

Back-f ace measurements 
458 1.340 

600 

470 1.360 
470 1.934 

417 

Arrest C 490 1.982 
Reinitiation 490 2.242 

1000 

SG20 

Arrest D 
Reinitiation 
(cleavage) 

Arrest E 
Reinitiation 
(ductile) 

Reinitiation 
(cleavage) 

Arrest F 
Reinitiation 
(ductile) 

End of plate 

498 

506 
5 19 

532 
561 

567 

572 
572 

1000 

2.250 
105 

2.326 
3.516 

159 

3.598 
7.780 

8.830 
6 

63 

8.910 
9.460 

17 

34.48 

aThese strain-gage positions are all reduced 
by 32 mm from the actual gage position shown in 
Fig. 4.8(b) because peak strain occurs at an angle 

* of 72" in front of the crack tip. 
bVelocity is an average calculated velocity 

for crack propagation between indicator points. 
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Fig. 5.15. Actual and ideal temperature distributions across 
specimen width ( a )  at start of test and (b) a few seconds before frac- 
ture: test WP-2.3. 
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O R N L - P H O T O  9836-87 

Fig. 5.17. Close-up of cleavage and loss-of-cleavage regions 
( a )  without cleavage run-arrest events highlighted, and (b) with 
cleavage run-arrest events highlighted: test WP-2.3. 
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Fig. 5.18. Reduction-in-thickness contour map of,specimen WP-2.3. 
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Table 5.4. Crack position vs time and 
velocity: test WP-2.3 

Pos i t ion Time Ve 1 o c i t yb 
(mm) (ms 1 (mls 1 

Indicatora 

SG1 

SG2 

Arrest A 
Reinitiation 

SG3 . 

Arrest C 
Rei& t iation 

S G4 

SG5 

Arrest E . 

Reinitiation 

SG6 

SG7 

SG8 

SG9 

SGlO 

SGllC 

SG12C 

Ligament 

End of plate 

Front-face measurements 

200 

243 

268 

275 
275 

- 308 

345 
345 

348 

388 

400 
400 

428 

468 

508 

558 

608 

658 

708 

(993) 

1000 

0 

0.059 

0 , 074 

0.222 
12.489 

12.574 

12.749 
37.344 

37,364 

37.384 

37.524 
43.324 

136 

812 

856 

875 

882.5 

(888.5) 

(892) 

917.0 

942.5 

729 

1667 

47 

388 

211 

150 

2000 

86 

0.3 

0.06 

0.9 

2.6 

6.7 

(8.3) 

(14.3) 

(11.4) 

0.3 
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Table 5.4 (continued) 

Posit ion Time 
(mm) (ms 1 Indicatora Veloci tyb 

(m/s) 

aO 

SG13 

SG14 

Arrest A 
Reinitiation 

SG15 

Arrest B 
Reinitiation 

SG16 

Arrest D 
Reinitiation 

SG17 

Arrest F 
Reinitiation 

SG18 

SG19 

SG20 

SG21 

SG22 

Ligament 

End of plate 

Back-face measurements 

200 

268 

308 

340 
340 

348 

375 
375 

388 

397 
397 

428 

45 7 
457 

468 

508 

558 

608 

650 

993 

1000 

0 

0.040 

0.114 

0.212 
3.160 

3.242 

3.322 
13.004 

Not 
working 
13.074 
38.464 

Too 
noisy 
38.584 
44.304 

688 

842 

865 

882 

889 

917 

942.5 

1700 

541 

327 

98 

338 

3 14 

500 

0.02 

0.26 

2.17 

2.94 

6 

12 

0.27 

aThese strain-gage positions are all reduced 
by 32 mm from the actual gage position because the 
peak strain occurs at an angle of 72" in front of 
the crack tip. 

for crack propagation. 
bVelocity is an average calculated velocity 

=Gage broke before peak formed. 

. .  
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Fig. 5.19. Strain-gage-derived crack-front position vs time for 
( a )  results for first 50 rns of test and (b) results for entire -950 rns 
of test: test WP-2.3. 



84 

Fig. 5.19(b). As presented in this plot, the crack-front advance across 
the plate width did not become fairly uniform until the crack advance 
had reached an a/w - 0.6, while ductile tearing was occurring. 
5.4 TEST WP-2.4 

Loading of test specimen WP-2.4 at 11 kN/s was initiated after 
obtaining a satisfactory thermal gradient (Fig. 5.20). At 7.52 MN, or 
-85% of the final peak load, a pop-in event occurred. When the load 
reached 8.85 MN (Fig. 5.211, the fracture event began and lasted about 
90 ms (crack run-arrest events plus ductile tearing). The strain-gage 
records and fracture surface indicated that up to seven crack run-arrest 
events had occurred over an z29-m~ interval before the onset of tearing. 
A small (7-mm) ligament remained intact after the main fracture events. 
Complete separation of the plate was achieved by applying a 254-kN load. 
With the exception of strain gage 6 and the top accelerometer, all gages 
functioned during the test. Some data, however, from strain gages 
19-22, were lost late in the test because of saturation of amplifiers. 

An overall view and a close-up of the fracture surface of specimen 
WP-2.4 is shown in Fig. 5.22. Examination of the fracture surface in 
the chevron region (Fig. 5.23) revealed that a crack pop-in had occurred 
to a crack depth of -251 mm before initiation of the main crack run- 
arrest events. This pop-in is substantiated by examining records for 
strain gages 1-3 on the front face of the specimen and strain gages 13 
and 14 on the back face of the specimen, which all show a sudden in- 
crease in strain at -500 s into the test (Fig. 5.24). Following the 
sudden increase in strain, each of these gages exhibited an increase in 
strain rate even though no change in loading rate had occurred. (This 
suggests that the crack had suddenly advanced or popped-in.) As noted 
in Fig. 5.24, the strain and strain rate increases were less pronounced 
for the front-face gages than for the back-face gages, suggesting that 
the crack advance was less at the front-face than at the back-face of 
the specimen. 

Examination of the fracture surface indicates that initiation of 
crack growth in cleavage was in the plane of the side grooves, but as it 
extended, it gradually deviated from this plane. By the time the crack 
had reached the depth at which tearing instability initiated, the crack 
was 8 mm below the plane of the side grooves. Once fibrous fracture 
took over, the crack returned to the side-grooved plane. Reduction-in- 
thickness contours surrounding the crack plane are shown in Fig. 5.25. 

Examination of the strain-gage records (Appendix A) and the frac- 
ture surface were also used to deduce the crack length (position of the 
crack front) during the fracture process, and the results are presented 
in Table 5.5. In the table the strain gage positions have been modi- 
fied from those shown in Fig. 4.8(d) to account for the fact that the 
peak strain occurs at an angle of 72" in front of the crack tip. A l s o ,  
the crack lengths listed in the table are averages of the quarter- 
thickness crack lengths and the crack lengths at the side groove. Plots 
of the crack-front position vs time, derived from the front-face and 
back-face strain-gage results, are presented in Fig. 5.26. 



85 

ORNL-DWG 86-5110 ETD 

CENTIMETERS 

0 
10 
20 
30 
40 
50 
60 
70 

90 
100 

a0 

TEMPERATURE (OC) 

ACTUAL DESIRED 

-1 01 -1 0 
-5 19 
45 49 
76 79 

103 109 
132 140 
163 169 
197 199 
236 229 
276 259 
297 290 

o i o  20 30 40 50 60 70 a0 90 100 
THERMOCOUPLE LOCATION 

(CENTIMETERS FROM COLD EDGE) 

Fig. 5.20. Actual and ideal temperature distributions across 
specimen width at approximate time of specimen fracture: test WP-2.4. 

.. TIME (5) 

ORNL-DWG 86-5122 ETD 

5 6 7 

~ . ... 
Fig. 5.21. Load history €or test WP-2.4. 



0 
0) 
I 
2 
0 
N 
0 
I- 
O 
I 
0. 
I 
-I 
z 
0 
a 

86 



ORNL PHOTO 5728-86 

~. 

. *  ,. . 

Fig. 5.23. Close-up of initial flaw and region of pop-in: test 
WP-2.4. 
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Table 5.5. Crack position vs time and 
velocity: test WP-2.4 

Indi cat ora Position Time Vel oc i t yb 
(mm) (ms) (m/s> 

Fron t-f ace measurements 

Pop-in (Arrest A) 

SG 1 

SG2 

SG3 

Arrest B 
Reinitiation 

SG4 

Arrest C 
Reinitiation 

SG5 

Arrest D 
Reinitiation 

Arrest E 
Reinitiation 

SG7 

Arrest F 
Reinitiation 

Arrest G 
Reinitiation 

SG8 

Arrest H 
Reinitiation 

SG9 

SGlO 

SG11 

SG12 

Remaining ligament 

25 1 

254 

279 

319 

338 
338 

35 9 

397 
397 

399 

413 
413 

462 
462 

479 

484 
484 

515 
5 15 

519 

555 
555 

569 

619 

669 

7 19 

993 

0 

0 

0.02 

0.08 

0.10 
8.00 

8.23 

8.32 
15.82 

16.70 

16.86 
17.80 

17.96 
19.08 

20.12 

20.40 
23.46 

24.40 
25.46 

26.88 

27.32 
28.86 

33.98 

43.16 

48.62 

52.90 

90.46 

1250 

667 

950 

91 

422 

2 

88 

306 

16 

18 

33 

3 

82 

3 

5 

9 

12 

7 
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Table 5.5 (continued) 

Indicatora Position Time Vel o c i t yb 
(mm) (ms 1 ( d s )  

~~ ______ 

Back-face measurements 

Pop-in (Arrest A) 

SG13 

SG14 

Arrest B 
Reinitiation 

SG15 

SG16 

Arrest C 
Reinitiation 

Arrest D 
Reinitiation 

SG17 

Arrest E 
Reinitiation 

SG18 

Arrest F 
Reinitiation 

Arrest G 
Reinitiation 

Arrest H 

25 1 

276 

319 

329 
329 

359 

399 

418 
418 

429 
42 9 

439 

474 
474 

479 

490 
490 

5 14 
5 14 

556 

0 

0.03 

0.08 

0.28 
8.24 

8.28 

8.33 

8.38 
14.50 

15.12 
16.56 

16.74 

16.87 
18.02 

20.20 

20.38 
23 -43 

23 -47 
27.00 

27.20 

833 

860 

50 

750 

800 

380 

18 

56 

269 

2 

61 

600 

210 

aThese strain-gage positions have been modi- 
fied because the peak strain occurs at an angle of 
72" in front of the crack tip. Also, the crack 
lengths listed are averages of the quarter-thick- 
ness crack lengths and the crack lengths at the 
side groove. 

for crack propagation. 
bVelocity is an average calculated velocity 

I 
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After examination of the strain-gage records and fracture surfaces 
to deduce the apparent crack-front position as a function of time, 
fractographic analyses of specimen WP-2.4 were conducted. After careful 
visual examination, the specimen fracture surface was cut into small 
pieces to allow them to be inserted into a scanning electron microscope 
(SEMI. Figure 5.27 shows the fracture surface and indicates how it was 
sectioned. Section 1 in the figure was examined to determine if initial 
loading produced any ductile tearing from the sharp precrack produced by 
the EB-weld procedure. Figure 5.28  shows a portion of the fracture 
surface at the end of the EB-weld-generated precrack. The EB weld is on 
the right in the figure, and the cleavage fracture of the first crack 
run-arrest event is on the left. Ductile tearing was observed at the 
end of the welded region, and its width i s  given on the figure. The 
average width of the tearing region was -800 pm. Figure 5.29 shows a 
detail of the ductile tearing from the end of the tearing strip, as 
indicated by the box marked on the bottom of Fig. 5.28. The EB-weld 
structure can be seen in the upper-right corner of Fig. 5.29(a), and a 
detail of the tearing is shown in Fig. 5.29(b). The apparent initiation 
site for the first crack run-arrest event is shown in Fig. 5.30. Figure 
5.30(a) shows the area marked in the upper box in Fig. 5 .28 .  Visual 
examination of the ridges on the fracture surface indicate that the 
fracture initiated in this region. Figure 5.30(b) presents a detail 
from the center of Fig. 5.30(a), which shows the ductile tearing that 
preceeded the cleavage fracture of the crack run-arrest event. Figure 
5.30(c) presents a detail from the center of Fig. 5.30(b), which shows 
the apparent initiation site from a clump of particles at the center of 
the figure. Figure 5.30(d) presents a detail of the clump of particles. 

A section was taken through section 1 in Fig. 5.27, and a surface 
perpendicular to the fracture was polished and examined metallographi- 
cally. The heat-affected zone associated with the EB weld was noted, 
and from the length of this zone, it was determined that the initiation 
site was located in the base metal rather than in either the weld or its 
heat-affected zone. 

Visual examination of section 2 in Fig. 5.27 suggests that an 
arrest event had occurred on at least part of the fracture surface of 
that section. Figure 5.31 shows a view of this fracture surface and 
reveals that an arrest event did occur. The strip of ductile tearing 
that is associated with the arrest event and subsequent reloading 
following arrest, is indicated on the figure. The width of the ductile 
tearing strip varies, with an average value being -700 pm and a maximum 
width of -1000 pm. The tearing strip bowed out across the surface, was 
not continuous across the entire specimen width, and was apparent on 
only about one-third the specimen width. This tearing is believed to 
reflect reinitiation of crack growth, before cleavage occurs, rather 
than the arrest process. The apparent cleavage initiation site for the 
second crack run-arrest event is shown in Fig. 5.32. The initiation 
site area, shown in Fig. 5.32(a), is located near the bottom of Fig. 
5.31 at one end of the strip of ductile tearing. Figure 5.32(b) shows a 
view of the initiation area, located at the center top of Fig. 5.32(a). 
The apparent initiation site is shown in Fig. 5.32(c) and in greater 
detail in Fig. 5.32(d). The cleavage fracture appears to have initiated 
at a small particle near the center of Fig. 5.32(d). 

. .  . .  . 
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Fig. 5.28. A view of a portion of tip of precrack for specimen 
-2.4, Sect. 1 (Fig. 5.27). 
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Fig. 5.29. Detail of ductile tearing from EB weld flaw, Sect. 1 
(a) EB-weld structure and (b) detail of tearing. (Fig. 5.27). 
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Fig. 5.30. Apparent initiation site for first crack run-arrest event, Sect. 1 (Fig. 5.27). 
Low magnification view of tearing zone shown in upper box in Fig. 5.28 with apparent initiation site 

?l 1 dicated by arrow, (b) detail from ( a )  showing ductile tearing and cleavage fracture, (c) detail of 
(b) showing initiation at a particle clump, and ( a )  detail of (c). 
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Fig. 5.32. Apparent initiation site for second crack run-arrest event, Sect. 2 (Fig. 5.27). 
( a )  View of initiation area from bottom of tearing strip in Fig. 5.31 with apparent initiation site 
indicated by arrow, (b) higher magnification view of initiation region, (c) detail of initiation site 
ghowing initiation from a particle, and ( a )  detail of (c). 
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It is interesting to compare the extent of stable crack growth and 
the stress-intensity values at the initiation of cleavage fracture with 
fracture-toughness tests performed on material from the broken halves of 
specimen WP-2.5 (see Sect. 3.6). As noted in Table 3.10, tests of 
25.4-mm-thick compact specimens of the TL orientation were performed at 
40 and 60°C. Tests at 40°C showed no stable tearing and KJc values from 
91 to 121 MPa.6. Crack initiation for test WP-2.4 occurred at 45°C at 
a stress-intensity factor of 143 MPa-fi (see Table 6.31, which is ~ 1 8 %  
higher than the largest value observed with the 1T compact specimens, 
but after -800 pm of stable tearing. This amount of stable tearing is 
quite different than that observed in the 1T specimens, where no stable 
tearing occurred at 40°C. The second initiation for specimen WP-2.4 
occurred at a location where the temperature was estimated to be 61°C. 
Compact specimen tests at 60°C gave final KJc values from 94 to 155 
MPa.6 with stable tearing from 200 to 900 pm. The estimated K value of 
178 M P a - 6  (Table 6.3) after 700 pm of stable tearing for the second 
initiation event for test WP-2.4 is again -15% greater than the highest 
value observed in the compact specimen tests. 

5.5 TEST UP-2.5 

After obtaining a satisfactory thermal gradient (Fig. 5.33), load- 
ing of test specimen WP-2.5 was initiated at 25 kN/s. At 7.53 MN, or 
86% of peak load, a pop-in event was heard and was later supported by 
the strain-gage outputs, accelerometer readings, and examination of the 
fracture surface.* Specimen loading was continued, and at a load of 
8.9 MN (Fig. 5.341, the fracture event began and lasted -90 ms (cleavage 
fracture plus ductile tearing). A small 8.5-mm plate ligament remained 
intact after the fracture event. While all instrumentation was func- 
tional at the start of the test, the COD gage's responses, which for 
this test were recorded on a transient oscilloscope, were not complete. 
Because of an improper selection of triggering parameters, the first few 
milliseconds of COD data were not recorded (see Appendix A, Fig. A.69). 
In addition, strain gages 4, 7, 8, 11, and 12 became inoperative during 
the test. 

The entire fracture surface of specimen WP-2.5 is shown in Fig. 
5.35ia). Figure 5.35(b) shows the' entire fracture surface with the 
cleavage run-arrest events highlighted. Similarly, close-ups of the 
cleavage and loss-of-cleavage regions without and with the cleavage run- 
arrest events highlighted are shown in Fig. 5.36(a) and (b), respec- 
tively. Examination of a close-up of the fracture surface in the region 
of the chevron (Fig. 5.37) confirmed that a pop-in event had occurred to 

*As noted previously, specimen WP-2.4 also experienced a pop-in 
event before the main crack run-arrest events. Both tests WP-2.4 and 
-2.5 used specimens that were 102 mm thick. The remainder of the WP-2 
series tests that used 152-mm-thick specimens did not experience a pop- 
in event. 
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Fig. 5.33. Actual and ideal temperature distributions across 
specimen width ( a )  at start of test, (b) at crack pop-in event, and 
(c) at approximate time of fracture events: test WP-2.5. 
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Fig. 5.34. Load history €or test WP-2.5. 
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Fig. 5.35. Fracture surface for specimen WP-2.5. ( a )  Entire 
fracture surface, and (b) entire fracture surface with cleavage run- 
arrest events highlighted. 
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Fig. 5.36. Close-up of fracture surface for specimen WP-2.5. ( a )  Cleavage and loss-of-cleavage 
regions, and (b) cleavage and loss-of-cleavage regions with cleavage run-arrest events highlighted: 
test WP-2.5. 
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Fig. 5.37. Close-up of initial EB weld-generated crack and region 
of pop-in: test WP-2.5. 
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an estimated average crack depth of 264 mm before initiation of the main 
fracture event. This is further substantiated in Fig. 5.38, which 
presents strain-gage records for strain gages 1-3 on the front face of 
the specimen and strain gages 13 and 14 on the back face of the speci- 
men; each record shows a sudden increase in strain at -480 s into the 
test, followed by a sudden increase in strain and strain rate even 
though no change in loading rate was made by the operator. As noted in 
Fig. 5.38, the strain and strain rate increases were more pronounced for 
back-face gage 14 than its companion front-face gage 3,  indicating that 
the crack had advanced more near the back-plate surface than the front- 
plate surface. A selection of high-resoluticn strain gage and acceler- 
ometer records during the crack pop-in are presented in Figs. 5.39 and 
5.40, respectively. 

Examination of the fracture surface indicates that initiation. of 
crack growth in cleavage was in the plane of the side grooves, but as it 
extended, it gradually deviated from this plane. By the time the crack 
had reached the 'final cleavage-arrest location (a/w E 0.56 at plate back 
face) it was 8 mm below the plane of the side grooves. 

Evaluatibn of the strain-gage records (Appendix A) and the fracture 
surface were also used to deduce the crack length (position of the crack 
front) during the fracture process, and the results are presented in 
Table 5.6. The strain-gage positions have been modified from those 
shown in Fig. 4.8(a) because the peak strain occurs at an angle of 72" 
in front of the crack tip. Also, the crack-arrest locations listed are 
averages of the quarter-thickness crack lengths and the crack lengths at 
the side groove. A plot of the strain-gage-derived crack-front position 
vs time using the front-face and back-face strain-gage results is pre- 
sented in Fig. 5.41. Results in this figure indicate that the crack 
front advance at comparable elapsed times during the cleavage crack run- 
arrest events was more rapid near the plate back face than near the 
plate front face. As noted in Table 5.6, it was not until the crack 
advance had reached an a/w - 0.669 (while ductile tearing was occurring) 
that the crack front advance was fairly uniform across the plate width 
(as indicated by the strain gages). 

After examination of the strain-gage records and fracture surfaces 
to deduce the apparent crack-front position as a function of time, 
fractographic analyses of specimen WP-2.5 were conducted. As was done 
for specimen WP-2.4, the fracture surface of specimen WP-2.5 was cut 
into smaller pieces for insertion into the SEM. Figure 5.42 shows the 
fracture surface and indicates how it was sectioned. Because the 
fracture surface of specimen WP-2.5 had not been as well preserved as 
that of specimen WP-2.4, which was discussed earlier, it was somewhat 
difficult to identify features of interest. Investigation of section A 
in Fig. 5.42 revealed ductile tearing at the tip of the EB weld that was 
followed by the cleavage area associated with the first crack run-arrest 
event. Figure 5.43 shows the tearing strip at the tip of the EB weld. 
The apparent initiation site is presented in Fig. 5.44. Figure 5.44(a) 
shows the ductile tearing strip and cleavage in the initiation area 
shown in the dashed box in Fig. 5.43. The average width of the tearing 
strip was -1200 pm. Details of the initiation site are presented in 
Figs. 5.44(b) and (c). As noted earlier, damage to the fracture surface 
is evident in Fig. 5.44(c) and made it impossible to identify the exact 
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Fig. 5.38. Pop-in as detected by strain gages 1-3 on plate front 
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Table 5.6. Crack position vs time and 
velocity: test WP-2.5 

Ind icat ora Po s i t ion Time 
(mm) (ms 1 (m/s) 

vel oc i t yb 

Front-face measurements 

Pop-in (Arrest A) 

SG1 

SG2 

Arrest B 
Reinitiation 

SG3 . 

Arrest C 
Reinitiation 

SG5 

Arrest D 
Reinitiation 

SG6 

Arrest E 
Reinitiation 

Arrest F 
Reinitiation 

SG9 

SGlO 

SG11 

Remaining ligament 

250 

254 

279 

300 
300 

319 

385 
385 

399 

400 
400 

439 

450 
450 

523 
523 

569 

619 

669 

990.5 

0 

0.03 

0.05 

0 . 344 
7.87 

7.88 

8.45 
11.33 

11.43 

11.58 
18.39 

19.15 

19.31 
27.79 

28.19 
33 . 11 
35 -67 

43.89 

47.85 

84 

Back-face measurements 

Pop-in (Arrest A) 272 0 

SG13 276 0 

SG14 319 0.07 

133 

1250 

.71 

1900 

116 

140 

7 

51 

69 

183 

18 

6 

13 

9 

6 14 

66 
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Table 5.6 (continued) 

Indi catora Time Veloc i tyb Position 
(m> (ms 1 (m/si 

Back-face measurements (continued) 

Arrest B 350 0.54 
Reinitiation 350 7.90 

SG15 359 7.92 

SG16 399 7.97 

Arrest C 
Reinitiation 

435 8.16 
435 11.16 

SG17 43 9 11.21 

Arrest D 
Reinitiation 

478 11.49 
478 19.11 

SG18 479 19.21 

Arrest E 516 19.43 
Reinitiation 516 27.63 

SG19 519 27.77 

Arrest F 560 27.95 
Reinitiation 560 29.01 

SG20 569 29.93 

SG2 1 619 40.29 

SG22 669 47.81 

Remaining ligament 990.5 84 

450 

800 

189 

80 

139 

10 

168 

21 

228 

10 

5 

7 

9 

aThese strain-gage positions have been modified 
because the peak strain occurs at an angle of 72" in 
front of the crack tip. Also, the crack lengths 
listed are averages of the quarter-thickness crack 
lengths and the crack lengths at the side groove. 

for crack propagation. 
bVelocity is an average calculated velocity 
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ORNL PHOTO 2241-90 

Fig. 5.43. Precrack and initial tearing from specimen WP-2.5, 
Sect. A (Fig. 5.42). The tearing strip from the initial loading is 
marked. The EB weld is to the right and the, f k t -  cra-ck-.run=.arrest 
event to the left. 
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ORNL PHOTO 2242-90 

Fig. 5.44. View of apparent initiation site for first crack run- 
arrest event, Sect. A (Fig. 5.42). (a) View of ductile tearing zone and 
cleavage fracture from dashed box in Fig. 5.43 with apparent initiation 
site indicated by arrow, (b) detail of apparent initiation site, and 
(c) detail of (b). 
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feature associated with the initiation event. Section B of Fig. 5.42 
contains the first arrest front and the second crack run-arrest event. 
The arrest front is marked by a band of ductile tearing, -1500 pm wide 
and is shown in Fig. 5.45. The ductile tearing from a region in the 
center of the specimen, as indicated by a box in Fig. 5.45, is shown in 
greater detail in Fig. 5.46. The initiation site for the next crack 
run-arrest event could not be identified because of the damage noted 
earlier to the fracture surface. 

5.6 TEST WP-2.6 

Specimen WP-2.6 was the second specimen in WP-2 series to not have 
its crack front cut into a truncated chevron configuration. It was also 
the second WPS specimen in this series. The warm prestressing procedure 
consisted of slowly loading the specimen to 15.56 MN while maintaining 
the crack tip temperature at 110°C (Fig. 5.47), holding the load con- 
stant at this value for 5 min, and slowly reducing the load to 3.25 
MN. The load history and load vs front- and back-face COD results 
during warm prestressing are shown in Fig. 5.48. While maintaining the 
load at 3.25 MN, the thermal gradient was developed. 

After obtaining a satisfactory temperature profile (Fig. 5.491, the 
specimen was loaded at an average rate of 9.6 kN/s. At a load of 
19.33 MN, cleavage crack propagatidn initiated, and within an -10.5-ms 
interval seven crack run-arrest events occurred. After the seventh 
crack run-arrest event, tearing fracture reinitiated with complete 
separation of the plate occurring -34.5 ms after first initiation of 
cleavage crack propagation. Figure 5.50 presents the load history for 
test WP-2.6. 

Figure 5.51 shows the fracture surface of specimen WP-2.6. As 
noted in Fig. 5.52, which presents a close-up of the region where the 
crack run-arrest events occurred, there were numerous crack run-arrest 
events during this test. As the crack propagated, it deviated from the 
plane of the side grooves, reaching -10 mm above the plane at the 
furthest extent of cleavage crack propagation. Reduction-in-thickness 
contours surrounding the crack plane are shown in Fig. 5.53. 

The strain-gage records (Appendix A) and fracture surface were used 
to deduce the crack length (apparent position of the crack front) during 
the fracture process, and the results are summarized in Table'5.7. In 
the table, the strain-gage positions have been modified from those shown 
in Fig. 4.8(e) to Account for the fact that the peak strain occurs at an 
angle of 72" in front of the crack tip. Figure 5.54 is a plot of 
strain-gage-derived crack-front position vs time from the front-face and 
back-face strain gage results during the entire fracture process. 
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5 mm 

Fig. 5.45. First arrest location from Sect. B (Fig. 5.42). The 
tearing strip is shown by the dashed lines. 
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ORNL PHOTO 2244-90 

Fig. 5.46. Ductile tearing strip from Sect. B (Fig. 5.42) after 
( a )  Detail of ductile tearing from box first crack run-arrest event. 

shown in center of Fig. 5 . 4 5 ,  and (b) detail of ductile tearing. 
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Fig. 5.47. Actual and ideal temperature distribution across speci- 
men width during warm prestressing: test WP-2.6. 
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Fig. 5.48.  Load v s  (a) time, (b) front-face COD, and (c) back-face 
COD during warm prestressing: test WP-2.6. 
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Fig. 5.50 .  Load history €or test WP-2.6. 



ORNL PHOTO 7005-89R 

P 
to 
to 

Fig. 5.51. Fracture surfaces of bottom and top plate halves of 
specimen WP-2.6. 
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Fig. 5.53. Reduction-in-thickness contour map of specimen WP-2.6. 
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Table 5.7. Crack position vs time and 
velocity: test WP-2.6 

Indica tora Posit ion Time Velocityb 
(mm) (ms 1 ( d s )  

SG1 

Initial crackC 

SG2 

SG3 

SG4 

Arrest A 
Reinitiation A 

SG5 

Arrest B 
Reinitiation B 

Arrest C 
Reinitiation C 

SG6 

Arrest D 
Reinitiation D 

SG7 

Arres t F 
Reinitiation F 

Arrest G 
Reinitiation G 

Front-face measurements 

218 

225 

258 

298 

338 

35 7 
357 

378 

397 
397 

410 
410 

418 

430 
430 

458 

460 
460 

480 
480 

0 

0 

0.034 

0.098 

0.190 

0.272 
1.000 

1.045 

1.105 
1.405 

1.525 
1.945 

2.237 

2.320 
3.255 

3.830 

4.090 
7.165 

7.440 
10.380 

971 

625 

435 

232 

467 

317 

108 

27 

145 

49 

8 

73 

1064 
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Table 5.7 (continued) 

Indicatora Po s i ti on Time 
(mm1 (ms 1 (mls 1 

Ve 1 o c i t y b 

SG8 

Pront-face measurements (continued) 

530 10.427 

Arrest H 
Reinitiation H 

SG9 

SGlO 

SGl l  ' 

SG12 

End of plate 

SG13 

Initial crackC 

SG14 

SG15 

SG16 

SG17 

Arrest A 
Reinitiation A 

Arrest C 
Reinitiation C 

SG18 

540 10.520 
540 12.910 

580 14.900 

630 15.340 

730 19.790 

830 24.760 

1000 34.470 

Back-face measurements 

218 0 

223 0 

258 0.038 

298 0.080 

338 0.214 

378 0.300 

380 0.306 
380 1.396 

390 1.532 
390 1.854 

108 

20 

114 

22 

20 

18 

92 1 

952 

299 

465 

333 

74 

103 

418 2.126 
175 
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Table 5.7 (continued) 

Indi catora Posit ion Time Veloci t yb 
(mm) (ms 1 (m/s) 

Back-face measurements 

Arrest E 
Reinitiation E 

Arrest G1 
Reinitiation G1 

SG19 

Arrest Hl 
Reinitiation H1 
(ductile) 

SG20 
(ductile tearing 
past) 

Reinitiation H1 
(cleavage) 

Arrest H2 
Reinitiation H2 
(ductile 

End of plate 

425 
425 

480 
480 

' 490 

520 ,, 
520 

530 

535 

540 
540 

1000 

(continued) 

2.166 
3.152 

198 
3.430 
7.160 

71 

7.300 
167 

7.480 
7.480 

6 

9.190 
5 

10.250 
20 

10.500 
10 . 500 

19 

34.47 
~ ~~ 

aThese strain-gage positions are all reduced 
by 32 mm from the actual gage position shown in 
Fig. 4.8(e) because the peak strain occurs at an 
angle of 72" in front of the crack tip. 
that back-face gages 13-20 have been rotated 45" 
relative to companion front-face gages. 

crack,propagation between indicator points. 

initial crack-line gages on plate front and back faces. 

Also note 

bVelocity is an average calculated velocity for 

=During warm prestressing the crack grew past 
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6.  POSTTEST ANALYSES, CBACK-ARREST TOUGHNJBS BESULTS, 
BM) COMPARISON OF DATA WITH OTHER 

URGE-SCALE TEST RESULTS 

6.1 POSTTEST ANALYSES 

Posttest analyses were conducted for each of the wide-plate, crack- 
arrest tests in the WP-2 series to investigate the interaction of 
parameters (plate geometry, material properties, temperature profile, 
and mechanical loading) 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 ORMGEN/ORVIRT 
fracture analysis system192 in conjunction with the ADINA-84 finite- 
element code.3 Quasi-static analyses use the ORNL computer code WPSTAT'+ 
to evaluate static stress-intensity factors as a function of crack 
length and tempetature differential across the plate. WPSTAT also cate- 
gorizes arrested crack lengths in terms of three types of instability 
limits: reinitiation, tearing instability, and tensile instability. 

Two-dimensional (2-D) elastodynamic analyses* were carried out 
using the ADINA/VPF dynamic crack analysis codes that is capable of per- 
forming both application- and generation-mode analyses. In the applica- 
tion-mode analysis, the crack tip is propagated incrementally when KI, 
the dynamically computed stress-intensity factor, equals the specified 
dynamic fracture-toughness value KID, which depends on the crack 
velocity and the temperature T [Eq. C3.6)]. In the generation-mode 
analysis , the crack tip is propagated incr.ementally according to a 
prescribed crack-position-vs-time relationship, and values of fracture 
toughness are determined from the dynamically computed KI. For both 
modes of analysis, the dynamic stress-intensity factor is determined in 
each time step from the dynamic J-integral containing the appropriate 
inertial and thermal terms. 

6.1.1 Posttest 3-D Static Analyses 

The 3-D finite-element model used for the wide-plate analyses 
incorporated a segment of the plate assembly measured from the crack 
plane t o  the top of the load-pin hole? (Fig. 6.1). The crack-tip region 

*The development and use of dynamic analysis methods was required 
to incorporate the significant dynamic effects exhibited by the wide- 
plate tests, that is, multiple crack-run-arrest events. 

?The length of the segment modeled varied from test to test as a 
result of the cutting procedure used to remove a test article before 
welding the next test article to the pull plates. For wide-plate speci- 
mens WP-2.1 through -2.6 the segments modeled (dimension Y in Fig. 6.1) 
were 4.58, 4.38, 4.62, 5.00, 4.90, and 4.36 m, respectively. 
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Fig. 6.1. Example of finite-element model used for dynamic analy- 
sis of wide-plate crack-arrest tests. 

of the model included the chevron cutout (if present),* the side groov- 
ing, and the edge notch (Fig. 6.2). Table 4.1 and Figs. 4.1 and 4.3 
present specimen dimensions. From 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 

*Specimens WP-2.3 and -2.6 did not have their crack front cut into 
a truncated chevron configuration. 
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1- 4.445 crn,-Tl.27 c"\ 

GR 

Fig. 6.2. Detail of crack-tip region from 3-D finite-element model 
of 102-mm-thick wide-plate specimen. 

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 Tmax and Tmin, respectively, along a 2.4-m length (centered 
relative to the crack plane) and that the pull-tab edges were maintained 
at T = 20.0°C.* The edge temperatures were selected to yield a tempera- 
ture distribution in the crack plane (0.2 5 a/w 50.6) that agreed with 
the measured values presented in Chap. 5 for each specimen, for example, 
Fig. 5.20 for test WP-2.4. Computed load-line (through the top of the 
load-pin hole) eccentricities produced by the in-plane thermal bending 
in tests WP-2.1 through -2.6 were 2.01, 1.96, 1.74, 2.37, 1.97, and 2.02 
cm, respectively, relative to the geometric center of the plates. 

In the 3-D analysis a uniform line load, statically equivalent to 
the initiation load, was applied at the location corresponding to the 
top of the load-pin hole. The results of this analysis yielded a static 
stress-intensity factor (KI) at the center of the plate. Values of KI 

*Values of Tmin and Tmax for wide-plate tests WP-2.1 through -2.6 
were 0 and 274OC, -2 and 28OoC, 19 and 253OC, -11 and 275OC, 17 and 
263"C, and 0 and 29OoC, respectively. 
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that were obtained for tests WP-2.1 through -2.6 were 126, 183, 136, 
143, 141, and 174 MPa-6, respectively. Comparison of these computed KI 
values with the small-specimen static initiation values, Kjc, evaluated 
from Eq. (3.5) using the appropriate specimen crack-tip temperature 
(Table 5.1) and a DWN = 60°C, yields KI/KJc ratios of 1.01, 1.4, 0.92, 
1.07, 0.72, and 1.2, for tests WP-2.1 through -2.6, respectively. 

6.1.2 Posttest 2-D Static and Dynamic Analyses 

6.1.2.1 Static and Stability Analyses 

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 = Tmax - 
Tmin across the plate. These factors are computed for fixed-force 
conditions KF (a, AT) and for fixed load-pin displacement conditions 
Kisp (a, AT) by superposing contributions from tension and bending 
finite-element and handbook solutions. Also, WPSTAT categorizes 
arrested crack lengths in terms of the three types of instability limits 
described below. 

For the WP-2 series wide-plate tests the posttest WPSTAT calcula- 
F DSP tions of the static factors KI (a, AT) and KI (a, AT) used the actual 

temperature profiles at the approximate time of initiation of the crack 
run-arrest events shown in Fig. 5.1. For these specified temperature 
profiles, the dependence of the arrested crack lengths and crack sta- 
bilities upon the applied initiation load Fin (Table 5.1) was investi- 
gated with WPSTAT, and the results are presented in Fig. 6.3 for test 
WP-2.4.* Figure 6.3 includes the statically calculated final crack 
length afc and the instability crack lengths for reinitiation arein, for 
tensile instability aI1, and for tearing instability a12. The tensile 
instability calculation is based on the average stress in the remaining 
ligament equal to an ultimate stress aU = 500 MPa, which represents 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 power-law J-resistance curve of the following form 
JR = C(Aa)", where C = 0.1114, m = 0.3832, and the units of JR and Aa 
are kJ/m2 and mm, respectively. In Fig. 6.3, the statically computed 
arrest length corresponding to the measured initiation load Fin = 8.85 
MN is afc = 0.432 m. This computed arrest point is between the tensile 
instability curve aI1 and the tearing instability curve a12, implying an 
unstable condition. The measured initial arrest point afm = 0.338 m 
is below the tearing instability curve. 1 

*Only the results for test WP-2.4 are presented in the remainder of 
this section. Posttest static and stability analyses for tests WP-2.1, 
-2.2, -2.3, -2.5, and -2.6 are contained in Refs. 6, 7, 8, 8 ,  and 7, 
respectively. 
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Fig. 6.3. Statically calculated crack lengths: test WP-2.4. 

In Fig. 6.4, the KIa function presented in Eq. (3.2) is evaluated 
on the arrest crack-length curve af, on the incipient tearing-insta- 
bility curve a12, and on the cleavage-reinitiation curve arein. The KIc 
function presented in Eq. (3.5) is evaluated on the curve arei,(F). 
Evaluation of the KIa curve at the initiation load Fin = 8.85 MN yields 
an arrest toughness of KIa = 190 MPa-fi at the computed arrest point 
af = 0.432 m where the crack-tip temperature would be 112°C (see Table 
6.i*). 

The complete static fracture-mechanics and stability analyses are 
depicted in Fig. 6.5 for the initiation load Fin = 8.85 MN. Included in 
the figure are curves for initiatioq toughness KIc, arrest toughness 
KIa 9 displacement-controlled stress-intensity factor K!ISp, and force- 
controlled stress-intensity factor KI. F ,The regions of tearing and 

- --__ 

*Although only the results for test WP-2.4 are discussed in this 
section, Table 6.1 presents a summary of WPSTAT results for each of the 
tests in the WP-2 series. More detailed information on the analyses for 
each test can be obtained from the references noted previously. 
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Fig. 6.4. Determination of arrest toughness at initiation load of 
8.85 MN: test WP-2.4. 

Table 6.1.. Summary of WPSTAT results 
for WP-2 series tests 

Crack-arrest 

(MPa 6) 

Initiation Predicted Temperature 
Test * load, arrest crack at arrest toughness, KIa length, af point, Tf ( 2 7  (m) ("C) 

specimen 

WP-2.1 11.9 0.347 99 148 
WP-2.2 17 .O 0.452 125 250 

15.3 0.427 118 215 WP-2 . 3 
WP-2.5 8.9 0.358 106 167 
WP-2 . 6 19.3 0.451 131 284 

WP-2.4 8.9 0.432 112 190 
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Fig. 6.5. Complete static and stability analyses for initiation 
load of 8.85 MN: test WP-2.4. 

tensile instability and the computed initial arrest point afc are also 
identified in Fig. 6.5. 

6-1.2-2 Application-Mode Dynamic Analysis (Fixed-Load 
Boundary Condition) 

Elastodynamic fracture analysis was performed using the finite- 
element method and the implicit Newmark-Beta scheme for the time inte- 
gration. The dynamic stress-intensity factor KI is determined in each 
time step from the dynamic J-integral containing the appropriate iner- 
tial and thermal terms. The crack-growth modeling technique of these 
codes uses a scheme in which crack-plane nodes, initially restrained 
normal to the crack plane by stiff springs, are released incrementally 
according to the selected analysis mode. 

Elastodynamic analyses of wide-plate test WP-2.4 were carried out 
with the ADINA/VPF (Ref. 5) dynamic crack analysis code. The 2-D plane- 
stress finite-element model of the wide-plate configuration used in the 
analyses consists of 894 nodes and 264 eight-noded isoparametric ele- 
ments. Thirty-one spring elements are used in the crack plane to mode2 

^ I  . 
. ~ ,,. . . .  .,. . . .  
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propagation of the crack tip. Side grooves are taken into account by 
adjusting the resulting stress-intensity factor calculated in each time 
step of the analysis, that is, multiplying by q. 

A posttest application-mode analysis of wide-plate test WP-2.4 was 
performed using the material properties given in Chap. 3 .  The global 
deformation of the assembly caused by thermal strains was incorporated 
into the analyses. For finite-element applications, static thermo- 
elastic analyses were performed with the ADINA/ADINAT finite-element 
codes3 to determine the thermal deformation of the plate assembly. The 
thermal displacements were added to the nodal coordinates. The tempera- 
ture distribution for the analyses was interpolated from the data mea- 
sured along the crack plane (Fig. 5.20) and used only for determination 
of dynamic fracture toughness. For the dynamic analysis, the load was 
fixed at the value of the measured fracture load, 8.85 MN, as a pre- 
scribed concentrated load. The time step was set at At = 5 ps. 

The calculated crack-depth history (plate front face) from this 
analysis is presented in Fig. 6 . 6 .  Figure 6.7 shows the dynamic stress- 
intensity factor K!yN, the static I koughness KIa, and the crack 

velocity In Fig. 6.7, the 
crack velocity decreases smoothly, and crack propagation continues at 

as a function of instantaneous crack depth. 

1 .o 
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Fig. 6 .6 .  Dynamic-analysis, crack-depth history: test WP-2.4. 



138 

OWL-DWG 90M-3637 ETD 

I I I I I I I I I 1 1000 1000 

900 

800 

700 

- 600 9 
h 500 z 
Y 

400 

300 

200 

100 

0 

- 
WP-2.4 POSTTEST I 

Kta 
El CRACK VELOCITY 

0 KDYN, DYNAMIC ANALYSIS 

- 

- - K STATIC (DISPLACEMENT) 

- A Kla m 
a fm, = FIRST MEASURED ARREST 

a fp = PREDICTED FIRST ARREST - 

900' 

800 

700 
A 

2 
6 

600 ; 

500 9 
w > 

400 

300 

200 

100 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .o 

a/W 
- 

Fig. 6.7. Dynamic factor, static toughness, quasi-static displace- 
ment-controlled factor, and crack velocity vs instantaneous crack 
length: test WP-2.4. 

small velocities for values of a/w > -0.43. 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 (Cs);  that is, 0.02 Cs = 64 m/s. Based on this assumption, an 
arrest is predicted from the application-mode analysis at af = 0.44 m, 
where the crack-tip temperature would be T = 118°C and the arrest tough- 
ness would be KIa = 200 MPa-fi. The predicted arrest point exceeds the 
first measured arrest point, afm, = 0.338 m, where T = 86.3"C and KIa = 

122 MPa-fi. The analyses were terminated at time t = 3 ms (see Table 
6.2*). 

P 

*Table 6.2 presents a summary of application-mode dynamic analysis 
results for each of the tests in the WP-2 series. More detailed infor- 
mation on the analyses for each test can be obtained from the references 
noted previously. 
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Table 6.2. Summary of application-mode dynamic 
.analyses for,WP-2 series tests 

Temperature Crack-arrest 
toughness, KIa 

(MPa-fi) 

Initiation Predicted 
arrest crack at arrest 
length, a a point, T 

Test load, 

("C) fP specimen 
(d 

WP-2.1 11.9 0.371 102 143 
WP-2 . 2 17.0 0.452 124 25 1 
WP-2.3 15.3 0.429 118 220 
WP-2 . 4 8.9 0.439 118 200 
WP-2.5 8.9 0.371 109 181 
WP-2.6 19.3 0.430 125 253 

aArrest has been defined to occur when the crack velocity 
drops below a threshold velocity of 2% of the shear wave velocity 
(C,); that is, 0.02 C; = 64 m/s. 
crack run-arrest event. 

The valuetgiven is for the first 

6.1.2.3 Generation-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 5.5 for the plate front and 
back faces for test WP-2.4.* Figure 6.8 depicts the apparent crack 
position vs time that was derived from Table 5.5 and used as input for 
the posttest generation-mode elastodynamic analysis of test WP-2.4. For 
these analyses, the load point was fixed at the value of the initiation 
load, 8.85 MN, as a prescribed concentrated load, and the time step was 
set at At = 10 ps. From these calculations, the stress-intensity factor 
as a function of time is given in Fig; 6.9. The generation-mode analy- 
sis (f ixed-load-point boundary condition)t results for the seven crack 
run-arrest events (plate front face) of test WP-2.4 are given in 
Table 6.3. 

The computed strain histories corresponding to selected points 
close to the front-side gage 1-12* [see Fig. 4.8(d) for gage locations] 

- *  

~~ 

*Only the results for test WP-2.4 are presented in this section. 
Generation-mode dynamic results for the other tests in the WP-2 series 
are summarized in Sect. 6.2. More details on each test can be obtained 
by consulting the appropriate references noted earlier. 

*Appendix B discusses the importance of the analysis method (static 
vs dynamic) and boundary condition (fixed-load or fixed-load-pin dis- 
placement) used to interpret the wide-plate crack-arrest tests. 

computed and actual strain histories for its companion back-face gage 
(17) are presented. 

*Note that because strain gage 6 did not function during the test,- 
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tion-mode dynamic analysis (fixed-load case): test WP-2.4. 



141 

Table 6.3. Summary of generation-mode 
(fixed-load) dynamic analysis 

results for test WP-2.4 

Event 

Initiation 

First arrest 
Reinitiation 

Second arrest 
Reinitiation 

Third arrest 
Reinitiation 

Fourth arrest 
Reinitiation 

Fifth arrest 
Reinitiation 

Sixth arrest 
Reinitiation 

0.0 

0.10 
8.00 

8.32 
15.82 

16.86 
17.80 

17.96 
19.08 

20.40 
23.46 

24.40 
25.46 

Seventh arrest 27.32 
Reinitiation 28.86 

0.251 143 

0.338 137 
0.338 178 

0.397 188 
0 . 397 28 1 

0.413 281 
0.413 281 

0.462 249 
0.462 318 

0.484 307 
0.484 322 

0.515 381 
0.515 355 

0.555 397 
0 . 555 389 

are depicted in Figs. 6.10 to 6.12 for test WP-2.4. Also shown in the 
figures are the actual strain histories derived from the gages. The 
sharply defined strain peaks in the figures correspond to the point in 
time when the fast-running crack passes under a gage point. As crack 
propagation slows, the peaks are transformed into more blunted curves. 
Pertinent events during a test (arrests, reinitiations, etc.), as 
detected by the strain gages, are noted on selected strain histories in 
Appendix A. 

In Fig. 6.13 the COD calculated at a/w = 0.15 (from the plate cold 
edge) using the generation-mode analysis is compared with measured data 
from the front-face gage. 
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6.2 CRACK-ARREST TOUGHNESS RESULTS 

Crack-arrest toughness values for the WP-2 series wide-plate tests 
have been determined by static and dynamic analyses, as well as by hand- 
book techniques. Appendix B presents a discussion of 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. For reasons discussed in Appendix B and because of 
the long durations of the crack run-arrest events (t > 9 ms) observed 
for the LUS WP-2 series materials, considerable load adjustment can take 
place as a result of specimen/pull-plate compliance. Therefore, the most 
meaningful calculations of crack-arrest toughness values for such condi- 
tions should take these factors into, account through the use of a 
dynamic finite-element analysis. As shown in Appendix B, the long 
fracture durations of these tests lead to dynamic results that approach 
those predicted by load-controlled static conditions. Fixed-load, 
generation-mode, dynamic finite-element determinations of crack-arrest 
toughness values as well as test conditions for the WP-2 series tests 
are summarized in Table 6.4. Figure 6.14 presents a plot of crack- 
arrest toughness values against the arrest-toughness temperature minus 
DWNDT (60°C) for the WP-2 series tests. Also included in the figure are 
previous wide-plate crack-arrest tests that used A 533 grade B class 1 



Table 6.4. Summary of HSST wide-plate crack-arrest test conditions 
and crack-arrest toughness values €or specially heat-treated 

2 114 Cr-1 Mo steel: WP-2 Series 

Crack Crack Initiation Arrest Arrest Arrest Crack-arrest 

(cm) ("C) (MN) (cm) ( " C )  ( MPa Jm) 
Test location temperature load location temperature T ;,:p t oughnezs a 

WP-2. lAb 
WP-2.1B 
WP-2.1D 
WP-2.1E 
WP-2.1F 
WP-2.1H 
WP-2.11 
WP-2.1 J 
WP-2. 2Abt 
WP-2.2B 
WP-2.2c 
WP-2.2D 
WP-2.2E 
WP-2.2F 
WP-2.2G 
WP-2 . 3A 
WP-2.3B 
WP-2.3D 
WP-2.3F 
WP-2. 4Ab 
WP-2.4B 
WP-2.4c 
WP-2.4D 
WP-2.4E 
WP-2.4F 
WP-2.4G 
WP-2.4H 

19.9 
27.5 
33.5 
37.0 
40.0 
45.0 
49.0 
52.7 
21.1 
43.5 
46.5 
47.8 
49.9 
51.0 
53.8 
20.0 
34.0 
37.5 
39.7 
20.3 
25. la 
33.8 
39.7 
41.3 
46.2 
48.4 
51.5 

55 
80 
96 
105 
112 
125 
135 
145 ' 

58 
120 
129 
133 
139 
142 
150 
66 
97 
106 
111 

45 
61 
86 
102 
107 
121 
127 
137 

11.90 
11 090 
11 090 
11 090 
11 090 
11.90 
11.90 
11.90 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
15.3 
15.3 
15.3 
15.3 
7.52 
8.85 
8.85 
8.85 
8.85 
8.85 
8.85 
8.85 

27.5 
33.5 
37.0 
40.0 
45 .O 
49.0 
52.7 
55.5 
43.5 
46.5 
47.8 
49.9 
51.0 
53.8 
58.2 
34.0 
37.5 
39.7 
45.7 
25.1 
33.8 
39.7 
41.3 
46.2 
48.4 
51.5 
55.5 

80 
96 
105 
112 
125 
135 
145 
152 
120 
129 
133 
139 
142 
150 
162 
97 
106 
111 
126 
61 
86 
102 
107 
121 
127 
137 
149 

20 
36 
45 
52 
65 
75 
85 
92 
60 
69 
73 
79 
82 
90 
102 
37 
46 
51 
66 
1 
26 
42 
47 
61 
67 
77 
89 

106 
153 
158 
170 
201 
293 
371 
406 
201 
259 
281 
277 
380 
364 
446 
144 
232 
255 
258 

137 
188 
281 
249 
307 
381 
397 

c 
P 
0 
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Table 6.4 (continued) 

~~ 

Crack Crack Initiation Arrest Arrest Arrest Crack-arrest 

(cm) ("C) (MN) (cm) ("C) ("C) ( MPa -&> 
Test location temperature 1 oad location temperature T - DWNDT toughnessa 

' WP-2. SAb 
WP-2.5B 
WP-2.5c 
WP-2.5D 
WP-2.5E 
WP-2.5F 

WP-2. 6Ae 
WP-2 . 6B' 
WP-2 . 6C 
WP-2.6D 
WP-2.6F 
WP-2.6G 
WP-2 . 6H 

19.9 
27.2d 
35.0 
43.5 
47.8 
51.6 

22.4 
35.7 
39.7 
41.0 
43.0 
46.0 
48.0 

66 
86 
104 
124 
135 
144 

65 
104 
115 
119 
125, 
133 
139 

7.53 
8.90 
8.90 
8.90 
8.90 
8.90 

19.3 
19.3 
19.3 
19.3 
19.3 
19.3 
19.3 

27.2 
35.0 
43.5 
47.8 
51.6 
56.0 

35.7 
39.7 
41 .O 
43.0 
46.0 
48.0 
54.0 

86 
104 
124 
135 
144 
154 

104 
115 
119 
125 
133 
139 
156 

26 
44 
64 
75 
84 
94 

44 
55 
59 
65 
73 
79 
96 

171 
190 
268 
306 
366 

204 
259 
286 
350 
328 
411 
413 

I- 
C' 

~ 

aDynamic finite-element analyses (fixed load) using ORNL program ADINA/VPF (Ref. 5). KIa values are presently being reassessed to incorporate tunneling effects and should therefore not be 
considered as final. 
valves presented (i.e., 510-20%) as noted in Appendix C. 

Incorporation of tunneling effects will result in a slight reduction in KIa 

bCrack front cut to truncated chevron configuration. 

=Specimen was warm prestressed by loading to 16 MN at 124°C. 
dAfter pop-in event. 

eSpecimen was warm prestressed by loading to 15.6 MN at 110°C. 
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Fig. 6.14. Fixed-load, generation-mode, dynamic finite-element 
crack-arrest toughness results for HSST wide-plate tests. 

materials (WP-1 and WP-CE series)g-” and the KIR curve from Sect. XI of 
the ASME B&PVC. The crack-arrest toughness results obtained from the 
HSST wide-plate crack-arrest tests consistently extend above the refer- 
ence fracture-toughness curve. At temperatures near and above the onset 
of Charpy USE (T - RTNDT = 78, 8 5 ,  and 90°C* for the WP-1, WP-CE, and 
WP-2 series materials, respectively), the KIa values increase with 
temperature at an accelerating rate. Also, as noted in Fig. 6.15, crack 
arrests in the WP-2 test series have occurred at temperatures up to 
102°C above the DWNDT (60°C) and up to 12°C above the temperature cor- 
responding to the onset of Charpy USE (150°C). 

6.3 COMPARISON OF WIDE-PLATE CRACK-ARREST TOUGHNESS DATA 
WITH OTHER LARGE-SCALE TEST RESULTS 

The trend for KIa values to extend above the limit proposed in ASME 
B&PVC Sect. XI, as shown in Fig. 6.14, is further substantiated in 
Fig. 6.16. Included in the figure are KIa data from several large-scale 
tests12-23 plus the wide-plate results. The rate of KIa increase in 
these tests appears to increase significantly at T - RTNDT* above -90°C. 

*T - DWNDT value for WP-2 series material. 
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6.16. HSST wide-plate crack-arrest data (fi 
dynamic finite-element calculations) show 
large-specimen crack-arrest test results. 

.xed-load, genera- 
trend consistent 
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7. CONCLUSIONS 

The HSST Program has an integrated effort under way to extend the 
range of applicability of current state-oE-the-art crack-arrest prac- 
tices and to develop alternatives where improvements are needed. A 
consistent trend is formed when the crack-arrest data now available from 
the three types of HSST large-specimen tests are combined on a plot of 

vs T - RTNDT. Collectively, these data, along with other large- K~ a 
specimen test results, show that arrest can and does occur at tempera- 
tures up to and above those that: correspond to the onset of Charpy 
upper-shelf behavior, and the measured KIa values extend above the limit 
included in Sect. XI of the ASME B&PVC. Results obtained from the pres- 
ent study further substantiate this trend and indicate that even a 
degraded (simulated) material (Charpy USE -65 J, DWNDT = 60°C) will 
exhibit high crack-arrest toughness (KIa values >400 MPa-h). Further- 
more, cleavage crack propagation and arrests for this material have 
occurred at temperatures up to and slightly above that corresponding to 
the onset of its Charpy USE (150°C). Although some tearing fracture 
followed arrest events in each test, the results indicate that arrest 
occurred before conversion to ductility tearing and that these fracture 
modes can be treated analytically as independent events. 

In summary, the results obtained from the three series of wide- 
plate crack-arrest tests support (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 above those that correspond to the onset 
of CVN USE for good-quality A 533 grade B class 1 material (WP-1 and WP- 
CE test series) as well as for a degraded (simulated) material (WP-2 
test series). 
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Appendix A 

SUHHABY OF INSTRUMENTATION BESULTS 

A.1 TEST UP-2.1 

A.l.l Strain Gages 

Strain-gage records [see Fig. 4.8(a) for strain-gage locations] for 
companion front- and back-face gages adjacent to the crack propagation 
plane are shown in Figs. A.l to A.3. Available near- and far-field 
strain-gage results are presented in Fig. A.4. Evaluation of the 
strain-gage records and examination of the fracture surface indicate 
that multiple (eight to ten) crack run-arrest events occurred during the 
test. More details of these crack run-arrest events followed by fibrous 
tearing are presented in Figs. A.5 to A.13. Figure A.5 shows the crack 
passing under strain gage 1 and arresting (t = 0.194 ms) before reaching 
strain gages 2-4. The crack passing under strain gages 2 and 3, momen- 
tarily arresting (t = 7.62 ms) before passing under strain gage 4, and a 
major arrest (t = 7.77 ms) occurring before reaching strain gage 5 are 
illustrated in Fig. A.6. The momentary crack arrest (t = 7.62-7.68 ms) 
that occurred between strain gages 3 and 4 is depicted in Fig. A.7. The 
20-ms records for strain gages 4-7 ate shown in Fig. A.8 and reveal that 
the crack passed under strain gage 5 and arrested again (t = 11.70 ms) 
before reaching strain gages 6 and 7. The 50-ms records of strain gages 
5-8 are shown in Fig. A.9 and cover the period for the cleavage arrest 
(t = 11.70 ms) just past strain gage 5 and subsequent arrests that 
occurred between strain gages 6 and 7 (t = 18.14 ms), strain gages 7 and 
8 (t = 25.12 ms), and after strain gage 8 (t = 27.62 and 33.76 ms). 
Fibrous tearing occurred as the crack passed strain gages 9-12 (Fig. 
A.lO). Outputs for strain gages 13-16, located on t.he back face of the 
plate adjacent to the crack propagation plane, are presented in Fig. 
A.ll and show the crack running past strain gages 13 and 14 prior to 
arresting (t = 0.242 ms) before strain gage 15. Thirty-five- to fifty- 
millisecond records of strain gages 15-18 (Fig. A.12) cover the period 
for the arrest (t = 7.75 ms)' just past strain gage 15 and subsequent 
crack run-arrest events, with arrests occurring between strain gages 16 
and 17 ( e  = 9.04 and 11.48 ms) and strain gages 17 and 18 (t = 18.12). 
Outputs of strain gages 19-22 for an 80-ms period are presented in Fig. 
A.13, which covers the time interval in which the arrest events occurred 
between gages 18 and 19 (t = 20.18, 24.98, and 27.18 ms) and gages 19 
and 20 (t = 33.06 and 34.76 ms), followed by fibrous tearing. 

A.1.2 Additional Instrumentation 

Output from the AE transducer mounted on the lower pull plate 3.6 m 
below the crack plane is presented in Fig. A.14. Longitudinal accelera- 
tions recorded by "damped" accelerometers mounted 3.653 m above (top 
accelerometer) and 3.655 m below (bottom accelerometer) the crack plane 
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are shown in Fig. A.15. Front- and back-face COD results for gages 
located at a/w = 0.150 are presented in Fig. A.16. COD values obtained 
from the back-face COD gage, at comparable times during the fracture 
event, were consistently higher than values obtained from the front-face 
COD gage. This correlates with the results presented previously in 
Fig. 5.7, which indicated that for the time period monitored by the COD 
gages, the apparent crack front advance was more rapid at the back-face 
of the plate. As shown in Fig. A.16, the measurement capacities of the 
front- and back-face COD gages were exceeded -36 and 31 ms, respec- 
tively, into the-fracture event. 

A.2 TEST UP-2.2 

A.2.1 Strain Gages 

Figures A.17 to A.20 present strain histories [see Fig. 4.8(b) for 
strain-gage locations] for companion front- and back-face crack-line 
gages. Figure A.17 shows the cleavage crack propagating past gages 1 
and 2 on the plate front face and gage 13 on the plate back face (strain 
gage 14 did not operate correctly). Propagation of the cleavage crack 
past gages 3 and 4 on the plate front face and gages 15 and 16 on the 
plate back face is shown in Fig. A.18. Continued propagation of the 
cleavage crack past gages 5 and 6 on the plate front face and gages 17 
and 18 on the plate back face is presented in Fig. A.19. Also shown in 
Fig. A.19 are arrest of cleavage crack propagation just past strain 
gages 6 (plate front face) and 18 (plate back face) and multiple 
reinitiations and arrests of cleavage crack propagation. Cleavage crack 
propagation past gages 7 and 8 on the plate front face and gages 19 and 
20 on the plate back face, with subsequent arrests and reinitiations of 
cleavage crack propagation, are shown in Fig. A.20. . Strain histories 
for front-face crack-line gages 9-12 (Fig. A.21) show arrest of cleavage 
crack propagation just past gage 9 with subsequent fibrous crack propa- 
gation past gages 10-12. Figure A.22 presents the strain history for 
near-field gage 21 ( a )  during the cleavage crack run-arrest events and 
(b) during the entire fracture process. Far-field strain histories for 
gages 22-25 during the cleavage crack run-arrest events are presented in 
Fig. A.23. Strain histories during the entire fracture process for far- 
field gages 22-25 are presented in Fig. A.24. 

A.2.2 Additional Instrumentation 

Front- and back-face COD histories at two time resolutions are pre- 
sented in Fig. A.25. Longitudinal accelerations recorded by a "damped" 
accelerometer mounted on the specimen's centerline at 3.458 m below the 
crack plane are presented in Fig. A.26 at two time resolutions. Also 
presented in Fig. A.26 are dynamic displacements of the specimen, rela- 
tive to that of the large columns of the testing machine, as measured 
3.453 m below the crack plane. The dynamic displacement results cover 
the same time intervals as the accelerometer data. 
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A.3 TEST WP-2.3 

A.3.1 Strain Gages 

Strain-gage records, shown in Figs. A.27 to A.29 for companion 
crack-line gages [see Fig. 4 .8 (c )  for strain-gage locations], indicate 
that four major cleavage crack run-arrest events occurred during the 
test. Near- and far-field strain-gage results are presented in Fig. 
A.30. More detailed information on the cleavage crack run-arrest events 
followed by fibrous tearing is presented in Figs. A.31 to A.39. Figure 
A.31 shows the crack passing under strain gages 1 and 2 and arresting 
(t = 0.222 ms) before reaching strain gages 3 and 4. Reinitiation of 
crack propagation at t = 12.489 ms, as detected by strain gages 1 and 2,  
and the crack passing strain gage 3 (t = 12.574) with a subsequent 
arrest (t = 12.749 ms) before reaching , strajn gage 4 are shown in Fig. 
A.32. Strain histories for gages 3 and 4 in the figure also show 
reinitiation of crack propagation at t = 37.344 ms. , Propagation of the 
crack past strain gage 5 ,  a subsequent arrest (t = 37.524 ms) before 
reaching strain gag,e 6 ,  and reinitiation (t = 43.324 ms) with propaga- 
tion past strain gag'es 6-8 are shown in Fig. A.33. An expanded time 
scale in Fig. A.34 for strain gage-s 5-8-sh6ws the crack (now converted 
to fibrous tearing) passing strain gages 6-8. Propagation of the crack 
(fibrous tearing) past strain gages 9-12 is presented in Fig. A.35. 
Strain histories presented in Fig. A.36 for back-face gages 13-15 show 
the crack passing gages 13 (t = 0.040 ms) and 14 (t = 0.114 ms) and then 
arresting (t = 0.212 ms) before reaching gage 15. Multiple crack run- 
arrest events, as detected by strain gages 13-15, are presented in 
Fig. A.37. In particular, reinitiations at t = 3.160, 13.004, and 
38.464 ms are evident. Although detailed interpretation of the strain 
output for gage 17 is not possible because of signal noise, results for 
strain gage 18 in Fig. A.38 indkate the early crack run-arrest events 
followed much later by the crack passing (t = 688 ms) the gage. Propa- 
gation of the crack (fibrous tearing) past strain gages 19-22 is shown 
in Fig. A.39. 

A.3.2 Additional Instrumentation 

Longitudinal accelerations recorded by "damped" accelerometers 
mounted on the specimen's centerline at 3.585 m above (top) and 3.589 rn 
below (bottom) the crack plane are presented in Fig. A.40. Results 
obtained from the displacement gage mounted at the same location as the 
bottom accelerometer are presented in Fig. A.41. Front- and back-face- 
COD results obtained from gages located at a/w = 0.150 are presented in 
Fig. A.42. AE results obtained from a transducer mounted on the lower 
pull tab are presented for four levels of time resolution in Fig. A.43. 
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A.4 TEST WP-2.4 

A.4.1 Strain Gages 

Strain-gage records for companion crack-line gages [see Fig. 4.8(d) 
for strain-gage locations] are presented in Fig. A.44 to A.46. Fig- 
ure A.47 shows initiation of the first crack run-arrest event as 
detected by strain gage 1. Propagation of the crack during the first 
crack run-arrest event, as detected by companion crack-line gages 2 and 
3 and 13 and 14, is presented in Fig. A.48. Arrest and reinitiation of 
crack propagation as detected by companion crack-line gages' 4 and 15 at 
two levels of time resolution are shown in Fig. A.49. Figure A.50 
presents additional crack run-arrest events as detected by companion 
crack-line gages 5 and 6 and 16 and 17. Additional crack run-arrest 
events as detected by companion crack-line gages 7 and 8 and 18 and 19 
are presented in Fig. A.51. Figure A.52 shows ductile tearing as 
detected by companion crack-line gages 9 and 10 and 20 and 21. Figure 
A.53 presents ductile tearing as detected by crack-line gages 11, 12, 
and 22. The fracture event, as monitored by near-field strain gages 23 
and 25 and far-field strain gages 26 and 27, is shown in Fig. A.54. 

A.4.2 Additional Instrumentation 

Output from the AE transducer mounted on the specimen lower pull 
tab is presented in Fig. A.55. Longitudinal acceleration recorded by a 
"damped" accelerometer located 4.041 m below the crack plane is shown in 
Fig. A.56. Longitudinal acceleration recorded by a "shock" acceler- 
ometer located 4.038 m above the crack plane is presented in Fig. A.57. 
Front- and back-face COD results at various times after fracture initia- 
tion are shown in Fig. A.58. 

A.5 TEST WP-2.5 

A.5.1 Strain Gages 

Strain records, shown in Figs. A.59 to A.61 for companion crack- 
line gages, indicate that six cleavage crack run-arrest events occurred 
during the, test [gage locations are presented in Fig. 4.8(a)]. Near- 
and far-field strain-gage results are presented in Fig. A.62. More 
details on the crack run-arrest events followed by fibrous tearing are 
presented in Figs. A.63 to A.67. Figure A.63 shows the crack passing 
under strain gages 1 and 2 and arresting (t = 0.344 ms) before reaching 
strain gage 3. The longer strain history for gage 3 in Fig. A.63 shows 
reinitiation of crack propagation at t = 7.87 ms and the crack passing 
under gage 3 at t = 7.88 ms. Strain histories for gages 5, 6, 9, and 10 
(Fig. A.64) show multiple crack run-arrest events. Figure A.65 presents 
strain histories for gages 13-15, indicating that the crack passes 
gages 13 and 14 with a subsequent arrest at t = 0.54 ms before reaching 
gage 15. The longer strain history shown in Fig. A.65 for gage 14 shows 
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reinitiation of crack propagation at t = 7.90 ms. Strain histories for 
gages 15-18, shown in Fig. A.66, indicate that the crack passes gages 15 
and 16, arrests (t = 8.16 ms), reinitiates (t = 11.16 ms), passes under 
gage 17, arrests (t = 11.49 ms) before reaching gage 18, reinitiates 
(t = 19.11 ms), and then passes under gage 18. Figure A.67 shows the 
crack passing strain gage 19, arresting (t = 27.95 ms), converting to 
fibrous tearing, and then passing under strain gages 20-22, 

A.5.2 Additional Instrumentation 

Longitudinal accelerations recorded by "damped" accelerometers 
mounted 3.911 m above (top) and 3.934 m below (bottom) the crack plane 
during the first crack run-arrest event are shown in Fig. A.68. Front- 
and back-face COD results obtained from gages located at a/w = 0.150 are 
presented in Fig. A.69 (note that the first 15 ms of the fracture event 
was not recorded because of an error in the selection of triggering 
parameters for the gages). 

A.6 TEST WP-2.6 

A.6.l Strain Gages 

Figures A.70 to A.72 present strain histories for the front-face 
crack-line gages. (Gage locations are presented in Fig. 4.9.) Propa- 
gation of the cleavage crack past gages 1-4 with arrest of crack propa- 
gation just past gage 4 is shown in Fig. A.70. Also noted in the figure 
presenting the strain history of gage 4 is that a total of five crack 
run-arrest events occurred within -4 ms of initiation. Examination of 
the strain histories for gages 5-8 (Fig. A.71) shows two additional 
crack run-arrest events. Strain histories for gages 9-12 (Fig. A.72) 
indicate fibrous crack propagation past these gages with the gages 
breaking as the crack approaches and passes because of high strain 
levels . 

Strain histories for the back-face crack-line gages are presented 
in Figs. A.73 and A.74. Note that these gages were rotated 45" relative 
to the orientation of the crack-line gages positioned on the plate front 
face and that when the crack passes one of these gages the strain gener- 
ally passes through zero. Figure A.73 shows the crack initiating near 
gage 13, with gage output being initially negative because the crack had 
been past this gage as a result of crack growth during the warm- 
prestressing phase. Also shown in Fig. A.73 is crack propagation past 
gages 14-16. Crack propagation past gages 17-20 is presented in Fig. 
A.74, with arrests evident by breaks or discontinuities in the strain 
records. 

Figure A.75 presents the strain history for near-field gage 21 at 
two levels of time resolution. Complete separation of the plate is 
indicated by a leveling off of the strain output, which occurs -34.5 ms 
after initiation. Far-field strain histories for gages 22-25 are pre- 
sented in Fig. A.76. 
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8.6.2 Additional Instrumentation 

Front- and back-face COD histories at two time resolutions are pre- 
sented in Fig. A . 7 7 .  Longitudinal accelerations recorded by "damped" 
accelerometers mounted on the specimen's centerline 3.491 m above (top) 
and 3.398 m below (bottom) the crack plane are presented in Fig. A.78. 
Dynamic displacement of the specimen, relative to that of the large 
columns of the testing machine, as measured 3.393 m below the crack 
plane, is presented in Fig. A.79 at two time scales. 
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Appendix B 

EFFECTS OF LOBD-POINT BOUNDARY COMIITIOBS 
AM) ANALYSIS METHOD OB WIDE-PLATE 

CRACK-ARREST TEST RESULTS 

B.1 EFFECT OF UIAD-POINT BOUNDARY CONDITION 

Long-duration (7- to 10-ms and longer) viscoplastic analyses of the 
wide-plate geometry will be influenced significantly by the boundary 
conditions imposed at the specimen load points. The two limiting cases 
for the load point are a fixed-load boundary condition, in which the 
specimen is free to stretch axially during the analysis, or a fixed- 
displacement boundary condition. In the fixed-displacement case, the 
effective axial load decreases with time as the test specimen compliance 
increases during crack advance. 

A series of generation-mode analyses based on data measured during 
test WP-2.4 were conducted to investigate the influence of the load- 
point boundary conditions. All analyses were performed using the 
linearly elastic dynamic fracture code SAMCR (Ref. 1) and were carried 
out for 40 ms of specimen response. During this response duration, 
seven crack jumps were observed in the test. The computed K values for 
each fracture event are summarized in Table B.1. 

Figure B.l compares the computed K vs time values for the two 
limiting cases of f ixed-load and f ixed-displacement boundary condi- 
tions. The two analyses produced identical results for the first milli- 
second of response. After -10 to 15 ms of response, the two cases begin 
to diverge significantly; at 40 ms, the fixed-load K value was 75% 
greater than the corresponding value for the fixed-displacement case. 
Similar results for the crack-mouth-opening displacement (CMOD) vs time 
are shown in Fig. B . 2  along with the experimentally measured data from 
the test; in this figure, CMOD is defined as one-half of the total 
symmetric crack separation. Again, significant differences between the 
fixed-load and fixed-displacement cases appear only after -15 ms of 
response. The computed CMOD values begin to diverge from the experi- 
mentally measured data at -10 ms; at 40 ms the measured data are several 
times larger than the largest computed values. Recalling that the 
analyses assumed linearly elastic constitutive behavior, the deviations 
between the measured and computed CMOD values are most likely the result 
of plastic yielding in the test. 

Although the fixed-load and fixed-displacement boundary conditions 
represent the upper and lower limits for the dynamic response of the 
specimen (assuming linear behavior), the true boundary condition for the 
test specimen is most probably somewhere between. There will be iner- 
tial coupling between the specimen and the test frame because of the 
stiffness and effective mass of the test frame at the load point. To 
define the actual boundary conditions during the test, accelerometers 
were placed near the load points of the specimen in test WP-2.4. Two 
types of accelerometers were installed: damped and undamped. The 
records from the undamped accelerometers were unfortunately plagued by a 
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Table B.1. Summary of computed results for test WP-2.4 

K (MPa-fi) 

Fixed load 

No mass Lumped mass 

Time A 
(ms 1 (m) Fixed Event 

displacement 

Initiation 0.0 
First arrest 0 . 190 
Reinitiation 8.121 

Second arrest 8.350 

Third arrest 15.990 
Reinitiation 17.180 
Fourth arrest 17.420 
Reinitiation , 18.550 

Fifth arrest 20.390 
Reinitiation 23 -440 
Sixth arrest 23.940 
Reinitiation 26.230 

Seventh arrest 27.260 
Reinitiation ,28.860 

Reinitiation 15. i60 

0..250 

0.334 ; 

0.334 ~ 

0.408 
0.408 

0.421 
0.421 

0.468 
0.468 

0.487 
0.487 
0.514 
0.514 

0.555 
0.555 

f 
152.2 

145 .9 
1.90 . 2 
i8i..9 
247.4 

239.4 
257.4 
263.9 
261.8 

279.2 
296.9 
307.0 
323.7 
314.0 
352.0 

152.2 

145.9 
185.7 

* .:.193.3 
242 . 2 
283.7 
326.2 

320.4 

321.3 
347.6 
387.6 
414.9 
422.4 
441.2 

,317.5 

152.2 

156 . 2a 
214.4 
207.8 
273.7 
266.5 
302.2 
296.2 
301 . 1 
328 . 7 
367 . 7 
372 . 0 
417.4 
418.2 
472.3 

aDif fers from f ixed-displacement and f ixed-load/no-mass values 
because of minor differences in specification of crack history during 
first jump. 

large amount of high-frequency oscillations that made interpretation 
difficult; in the damped accelerometers, this high-frequency component 
is inherently filtered from. the records. Figure B.3 provides the 
acceleration vs time data measured by the damped accelerometer located 
at the bottom load point of the specimen. The peak acceleration mea- 
sured during the test was -300 g. 

Some caution must be exercised in interpreting the data in Fig. 
B.3, however. Double integration of this acceleration record yields a 
final load-point displacement of 8. cm .at" 40 ms. This unrealistically 
large value implies an average elastic'stress increase of >3000 MPa in 
the specimen; clearly, this cannot occur. The most plausible explana- 
tion for this high-displacement prediction is that it includes a large 
rigid body component; that is, both the,top and bottom load points moved 
in the same direction by approximately the same amount during the test. 
Unfortunately, an accelerometer record for the top load point is 
unavailable for verifying this hypothesis. 
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Fig. B . 3 .  Acceleration vs time data measured by "damped" acceler- 
ometer near the lower load point: test WP-2.4. 

Although the magnitudes of the accelerations and the derived dis- 
placements are suspect, the record shown in Fig. B . 3  nevertheless con- 
tains valuable information regarding the natural periods of the 
response. Initially, there is an -0.8-s interval during which there is 
no accelerometer response; this corresponds to the stress wave transit 
time from the crack plane to the load point. Overall, the accelerometer 
record suggests that the specimen vibrates in an axial fundamental mode 
for -16.5 ms. Superimposed on this global vibration mode is a higher- 
frequency mode with a period of -1 to 2 ms; this again appears to corre- 
spond to stress wave reflections within the specimen. 

The period of the specimen vibration modes can be used to estimate 
the inertial coupling between the specimen and the test frame at the 
load point. As a first approximation, the test frame stiffness and 
effective mass can be treated as a simple spring and lumped mass 
attached to the load point. The solution for the longitudinal vibration 
modes for a uniform bar having a supplementary lumped mass and stiffness 
at its end is given by* 

D': 

in which 

ma p ?  
1 - -- 

'i k '  
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and where 

= natural frequency for mode i, 'i 
m = mass per unit length of bar, 
d = length of bar, 

VL = longitudina1,wave velocity for bar, 
M = additional lumped mass at end of bar, 
k = spring constant for additional stiffness at end of bar. 

The test frame compliance had been estimated previously3 as 
approximately five times the compliance of the specimen itself. Con- 
sequently, little error is introduced by neglecting the test frame 
stiffness contribution at the load point [i.e., k = 0 in Eq. (B.111 and 
considering only the effective mass from the test frame cross arm. 
Equation (B.1) can then be solved for the effective mass of the test 
frame at the load point given the WP-2.4 test geometry and the measured 
fundamental period of 16.5 ms, yielding a value of 27,100 kg for the 
effective mass. 

The fixed-load generation-mode analysis for test WP-2.4 was 
repeated with this additional 27,100-kg mass at the load point. As 
before, linearly elastic constitutive behavior was assumed for the 
specimen, and the analysis was performed for 40 ms of specimen response. 
Comparisons between the fixed-load analyses with and without the addi- 
tional lumped effective mass for the test frame are given in Fig. B.4 
for K vs time, Fig. B.5 for CMOD vs time, and Fig. B.6 for load-point 
axial displacement vs time. As is clearly shown in all three figures, 
the differences in the computed results between the two cases are 
negligible. 

Unfortunately, the accelerations computed in the analyses cannot be 
directly compared with the measured accelerometer data. The computed 
nodal accelerations vs time at the accelerometer location are plotted in 
Fig. B.7. The computed accelerations are characterized by a very high 
level of high-frequency oscillations; no low-frequency periodicity can 
be detected in the computed record, and the peak accelerations are 
nearly four times the corresponding measured values. It is believed 
that these features of the computed accelerations are spurious products 
of the numerical algorithms employed in the finite-element code. 

At the load point, the large added lumped mass severely damps the 
computed nodal accelerations, as shown in Fig. B . 8 .  The computed peak 
acceleration at the load point is substantially lower than the peak 
value measured in the test, and any low-frequency periodicity is masked 
by the comparatively large amplitude high-frequency vibration modes. 
The period of this high-frequency vibration is on the order of 1 to 
2 ms, which matches closely the period of the high-frequency component 
in the measured accelerometer response. Low-frequency periodicity is 
evident in the velocity vs time record for the load point, as shown in 
Fig. B.9; it is also evident to a lesser extent in the load-point dis- 
placement record shown previously in Fig. B.6. The period of this low- 
frequency component is -20 ms, which is close to the target period of 
16.5 ms measured during the test. 
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These conclusions were drawn from this investigation of boundary 
condition effects: (1) fixed-load and fixed-displacement analyses for 
the wide-plate test geometry produce identical results for the first 
millisecond of response; (2) substantial discrepancies between fixed- 
load and fixed-displacement analysis results. do not occur until after 
-10 to 15 ms of.response; ( 3 )  reasonably good agreement between computed 
and measured load-point behavior (at least in terms of vibration 
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periods) can be obtained,by neglecting the test frame stiffness and 
considering only the test frame inertia as a lumped effective mass; and 
(4) the influence of the test frame inertia on the computed results 
along the crack plane (e.g., K vs time) is negligible. These conclu- 
sions suggest that a fixed-load boundary condition without additional 
lumped mass is an appropriate and adequate boundary condition for 
medium- and long-duration dynamic viscoplastic analyses. 

B.2 EFFECT OF AHALYSIS METHOD 

Crack-arrest toughness values have been determined by static and 
dynamic analyses, as well as by handbook techniques. Table B.2 summar- 
izes values for test WP-2.4. The effects of the analysis method (static 
vs dynamic) and the boundary condition (fixed load or fixed load-pin 
displacement) used to interpret the wide-plate crack-arrest tests are 
demonstrated by comparing values listed in Table B.2. These effects are 
illustrated in Fig. B.lO, which presents selected KIa results in Table 
B . 2  vs T - DWNDT for the pop-in and seven crack run-arrest events of 

Table 8.2. Computed crack-arrest toughness values 
for wide-plate crack-arrest test WP-2.4 

Crack-arrest toughness values 
(MPa-JE) 

Dynamic finite element 
Test Static SEN Fedderson 

alternate Generation mode 
Displacement ~ Load secant Application 
con t rold controlb formulac mode Fixed Fixed 

load displacement 

WP-2.4A 104 113 79 
WP-2.4B 155 186 111 122 137 137 
WP-2.4c 168 234 124 155 188 193 
WP-2.4D 171 249 128 166 281 249 
WP-2.4E 181 303 140 207 249 232 
UP-2.4P 185 332 145 229 307 276 
WP-2.46 191 378 153 269 381 257 
WP-2.411 198 45 1 165 -397 276 

aFrom Ref. 4 (pp. 2.10-111, while assuming a = af and no further bending 

bFrom Ref. 4 (pp. 2.10-11) while assuming a = af and full bending according 

cKI = u b a  sec (%)I1" , where = far-field tensile stress, a = af = final 

occurs because of propagation of the crack. 

to SEN formula when the final crack depth is used. 

crack length, and w = full plate width.5 
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Fig. B.lO. Effect of analysis method and boundary condition on 
calculated crack-arrest toughness values for test WP-2.4. 

test WP-2.4.e As shown in the figure, values of KIa determined using 
the secant equation and the Tada fixed-load condition represent approxi- 
mate lower and upper bounds, respectively, for the results. For long- 
duration crack run-arrest events (t > 10 ms), considerable load adjust- 
ment can take place as a result of specimen pull-plate compliance. 
Therefore, the most meaningful values of KIa should reflect this occur- 
rence and would involve a dynamic finite-element generation-mode analy- 
sis. 

*For test WP-2.4 the duration of the crack run-arrest events was 
-27.3 ms. 
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Appendix C 

EFFECTS OF TUNNELING 

Crack tunneling is commonly observed during the fracture of tough 
and ductile materials. The loss of constraint near the free surface of 
the specimen permits development of yielded ligaments that may extend 
for considerable distances behind the leading edge of the crack front. 
These yielded ligaments restrain the crack-tip displacements and alter 
the crack-tip stress fields. A significant portion of the apparent 
fracture toughness measured for a deeply tunneled crack may be caused by 
the restraining effects of these yielded ligaments. 

Calculations by Popelarl suggest that correcting for the restrain- 
ing effects of tunneling may substantially reduce the actual fracture 
toughness inferred from test data. Because considerable tunneling has 
been observed in’several of the wide-plate tests, notably the WP-1 test 
series,* questions have been raised regarding the appropriateness of 2-D 
analytical models that implicitly ignore tunneling. 

C.l AblALyTICAL APPROXIHATIONS TO TUNNELING EFFECTS 

Several analytical approximations have been proposed in the litera- 
ture to account for the restraining effect of the yielded ligaments 
flanking a tunneled crack in Mode I fracture. All are based on simple 
superposition principles; that is, the restraining effects of the 
tunneling can be simply subtracted from the conditions existing at the 
crack front in the absence of tunneling. Superposition requires assump- 
tion of linear-elastic fracture-mechanics (LEFM) small-scale yielding 
conditions; that is, no shielding because yielding ahead of the crack 
tip is considered (small-scale, yielding assumption), and the crack tip 
state can be characterized by the stress-intensity factor K. The 
approximations all assume self-similar crack growth once the ligaments 
have fully developed. The ligament stresses are replaced by an equiva- 
lent set of crack-face tractions, and the stress-intensity factor as a 
result of these tractions represents the tunneling correction. This 
correction is subtracted from the stress-intensity factor for the corre- 
sponding cracked body without tunneling. 

Popelar3 considered the two cases for the ligament geometry shown 
in Fig. C.l: ( a )  strip ligaments, characteristic of low-toughness duc- 
tile materials, and (b) parabolic ligaments, characteristic of high- 
toughness ductile materials. The superposition approach for approxi- 
mating the effects of the yielding ligaments is illustrated in Fig. C.2, 
where 

K, = Kg - Ky , (c.1) 

in which Kg is the stress-intensity factor in the absence of tunnel- 
ing, Ky is the stress-intensity factor as a result of the crack-face 

. . 
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(b) 

Fig. C . l .  Idealization of crack tunneling in ( a )  low-toughness and 
(b) high-toughness material (Ref. C.3) .  

ORNL-DWG 90M-3678 ETD 
G- 

Fig. C.2. Illustration 06 superposition principle for determiming 
the stress-intensity factor (Ref. C.3) .  
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tractions (i.e., the tunneling'correction), and KO is the net or cor- 
rected stress-intensity factor. ' 

K is computed 
using a weight-function approach assuming that the stresses in the 
ligaments equal the plastic flow stress u and that these ligament flow 
stresses can be averaged across the thic%ness. For the assumed strip 

K6 is calculated using standard 2-D LEFM solutions. 
Y 

and parabolic ligament geometries, respectively, these averaged or 
"effective" crack-face stresses ueff can be expressed as 

(c.2) 

and 

eff o U 

The corresponding stress-inten 

(c.3) 

... 
ity value K as derived by Popelar3 

using the weight-function approach are given for the strip and parabolic 
ligament geometries, respectively, as 

Y 

and 

in which ml and m2 are geometry-dependent dimensionless coefficients 
having values of -5 and 2, respectively, for ," the wide-plate specimen 
geometry at the typical arrest condition of a/w = 0.5. 

Smith4 had earlier proposed a solution for the influence of tunnel- 
ing based on a superposition approach similar to Popelar's but with a 
different formulation for the Ky. correction term. Smith considered an 
infinitely long crack with an infinitely long crack front that contains 
regularly spaced ligaments of rectangular geometry, as shown in 
Fig. C.3. As an approximation, a finite-width crack front under plane- 
strain conditions can be taken as the area between the centerlines of 
two neighboring ligaments. The stress in the ligaments is assumed equal 
to the flow stress for.the material. 

Smith's solution is 'not based on an averaging of the ligament 
restraining s-tresses acros's the thickness. Instead, Ky is evaluated for 
the point (marked by a dot in Fig. C.3) on the crack front midway 
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-Y 

Fig. C . 3 .  Smith's model for restraining effect of ligaments 
(Ref. C . 4 ) .  

between two ligaments as the integral over the ligament areas of the 
solution for a point force applied to the crack face.5 Using Popelar's 
notation, Smith's solution for the rectangular ligament geometry is 
expressed as 

For small values of d/B (<-0.31, the integral in Eq. (C.6) can be 
approximated analytically as 

For large values of d/B ( > - 3 ) ,  Eq. (C.6) approaches Popelar's thickness- 
averaged solution. The integral in Eq. ( (2 .6)  must be evaluated numeri- 
cally for intermediate value of d/B; €or moderately deep tunneling, for 
example, when d/B = 1, the value of the integral is -2. Smith observes 
that thickness-averaging procedures (such as Popelar's) overestimate the 
restraining effect of the ligaments for small-to-moderate amounts of 
tunneling. 

As noted by Popelar, rectangular ligament geometries are charac- 
teristics of low-toughness materials. Ductile reactor steels such as 
A 533 grade B typically exhibit parabolic or triangular tunneling geome- 
tries, as was often observed in the WP-l'test series. We have therefore 
extended Smith's methodology to parabolic and triangular ligament g@me- 
tries. 
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Consistent with Smith's approach, the crack front is treated as 
being infinitely long with regularly repeating ligaments of the speci- 
fied geometry. Figure C.4 illustrates the assumed conditions for the 
triangular ligament geometry. As an approximation, a finite-thickness 
specimen under plane-strain conditions can be taken as the width between 
the centerlines of two neighboring ligaments. The restraining effect of 
the ligaments for both the parabolic and triangular geometries can be 
expressed as 

+m 

where n refers t o  the individual ligaments. 
bolic ligament geometry are given as 

The kn terms for the para- 

where 

ORNL-DWG 9OM-3680 EFD 

- Y  

Fig. C.4. Extension of Smith's approach to triangular ligament 
geometry. 
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and for the triangular ligament geometry as 

n-1/2+Bs/B 
arctan (1 + Jz 4 )  - arctan (1 - 43 4 )  1 k = -  

where 

where 

These integrals are evaluated numerically and summed to obtain the 

For completeness, we have also extended Popelar's approach to tri- Y. 
value for K 

angular ligament geometries 

(c.11) 

A comparison of the solutions for parabolic and triangular ligament 
geometries using Popelar's and Smith's approaches is given in Fig. C.5, 
which plots dimensionless K vs depth of tunneling for a deep crack. 

Y Popelar's approach predicts tunneling correction factors that are con- 
siderably larger than those from Smith. This difference is largest for 
very shallow tunneling, where Popelar's approach is much more sensitive 
to tunneling depth. The differences decrease as the depth of tunneling 
increases, but at a tunneling depth of d/B = 2 the discrepancies are 
still >SO%. As indicated in the Fig. C.5, the ligament geometry has 
only a relatively minor influence on the tunneling correction factor. 

, . , -  . 
, ,  

. ,  . . . I  
. .- ~~ 
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Fig. C.5. Comparison of Popelar's and Smith's tunneling correction 
approaches for parabolic and triangular ligament geometrics. 

C.2 APPLICATIONS TO UP-1 TEST DATA* 

The restraining effects of tunneling have been analyzed for 10-cm- 
thick WP-1 test specimens WP-1.1 through -1.6 using Popelar's and 
Smith's solutions and our extensions to these solutions. These analyses 
have been performed independently from Popelar's earlier interpretations 
of the WP-1 tests. The material properties, loads, arrest points, and 
other test conditions are as described in Ref. 1. The flow stress is 
taken as the average of the static yield and ultimate strengths for 
A 533 grade B steel at the crack tip arrest temperature. The uncor- 
rected arrest toughness [KB in Eq. (C.l)] is taken as the elastodynamic 
generation-mode value. The interpretation of the tunneled crack front 
geometry frequently involves subjective judgments . Our estimates of the 
ligament geometries are summarized in Table C.1, which was developed 
from Fig. C.6. 

The results from our tunneling analyses are summarized in 
Table C.2. As previously presented by Popelar, his approach predicts a 
large reduction in the computed arrest toughness, particularly for 
events WP-1.2B and -1.4A, where the tunneling corrections are -30 and 
602, respectively, of the uncorrected arrest toughness values., The 
Smith approach, however, predicts a significantly smaller correction for 

*The effects of tunneling have not been applied to the WP-2 series 
test results; however, it is anticipated that tunneling corrections to 
the crack-arrest toughness results for the WP-2 test series will be less 
than for the WP-1 test series because of reduced tunneling. 

. 

,,,I,,;- 

, '  . .  
, . I  
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Table C.l. Ligament geometry 
parameters for WP-1 test 

series specimens 

Triangular Parabolic 
d (mm) Event 

(mm) 
d BS 

WP-1.2A 120 28 
WP-1.2B 87 
WP-1.3 10 40a 
WP-1.4A 50 
WP-1.4B 84 24 
WP-1.5A 30 17a 
WP-1.5B 
WP-1.6A 15 58a 
WP-1.6B 47 65a 

aAs s umed s pl i t s ymme t r i call y 
about specimen midthickness. 

Table C.2. Corrections for the effects of tunneling 
in the WP-1 test series 

Popelar approach Smith approach 
- R T ~ ~ ~  Kt (MPaefi) (MPa-fi) 
("C) (MPa-6) Test 

K C  

WP-1.2A 85 440 88 352 35 405 
WP-1.2B 115 523 139 384 56 467 
WP-1.3 77 243 29 2 14 23 220 
WP-1.4A 52 158 99 59 32 126 
WP-1.4B . 83 397 56 34 1. 21 376 
WP-1.5A 79 229 22 207 5 2 24 
WP-1.5B 95 300 56 244 NIA' N/A 
WP-1.6A 77 285 52 233 61 224 

Kt a Kt a K C  

aK 

b ~ 6  = Ligament correction. 
CK = K - K6 = net arrest toughness. 
'Not appl i cab1 e. 

= Arrest toughness from generation-mode elastodynamic 
8 analyses. 

a 8  
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tunneling effects; the tunneling corrections for events WP-1.2B and 
- 1 . 4 A  now equal only -10 and 20%, respectively, of the uncorrected 
arrest toughnesses. 

The variation with temperature of arrest toughness including the 
restraining effect of tunneling is illustrated in Fig. C.7. The cor- 
rected data based on Smith's approach lie between the uncorrected values 
and the corrected values from Popelar's approach in all cases. None of 
the Smith-corrected data points lies below the ASME reference curve. 
For both tunneling corrections, the trends in the data clearly show 
increasing toughness with temperature, continuing significantly above 
the cut-off in the ASME reference curve. This trend is more pronounced 
for data corrected using the Smith approach. 

ORNL-DWG 90M3682 ETD 
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Fig. C.7. Corrected crack-arrest toughness vs temperature for WP-1 
test series. 
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