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ABSTRACT: The Heavy Section Steel Technology Program (HSST) at Oak Ridge National
Laboratory (ORNL) is investigating the influence of flaw depth on the fracture toughness of rcactor
pressure vessel (RPV) steel. Recently, it has been shown that, in notched bean: testing, shallow
cracks tend to exhibit an clevated toughness as a result of a loss of constraint at the crack tip. The
loss of constraint takes place when interaction occurs between the elastic-plastic crack-tip stress
field and the specimen surface nearest the crack tip. An increased shallow-crack fracture toughness
is of interest to the nuclear industry because probabilistic fracture-mechanics evaluations show that
shallow flaws play a dominant role in the probability of vessel failure during postulated
pressurized-thermal-shock (PTS) events.

Tests have been performed on beam specimens loaded in 3-point bending using
unirradiated reactor pressure vessel material (A533 B). Testing has been conducted using
specimens with a constant beam depth (W = 94 mm) and within the lower transition region
of the toughness curve for A533 B. Primarily two crack depths have been considerzd: a =
50 and 9 mm (a/W = 0.5 and 0.1). Three specimen thicknesses (B = 56, 100, and 150
mm) have been used to examine the influence of different out-of-plane constraint conditions
on the test results. All tests resulted in cleavage failures. Test results indicate a
significantly higher fracture toughness associated with the shallow flaw specimens
compared to the fracture toughness determined using deep-crack (a/\WV = 0.5) specimens.
The toughness increase is comparable with the toughness increase found at the University
of Kansas using steels whose stress-strain properties bound those of A533 B. Test data
also show little influence of thickness on the fracture toughness for the current test

temperature (-60 °C). The Irwin B¢ correction has been modified to account for shallow
flaws and wa: used to estimate the shallow-flaw toughness based on the results from the

deep-crack specimens.

KEY WORDS: elastic-plastic fracture mechanics, constraint, shallow-crack fracture
toughness, test data, reactor pressure vessel material, Irwin B¢ correction



Nonienclature

a = crack depth

B = specimen thickness

CMOD = crack mouth opening displacement
CTOD = crack tip opening displacement

E = Elastic Modulus

IPTS = Integrated Pressurized-Thermal-Shock

Klc = Critical Stress Intensity Factor, plane strain fracture toughness
Kc = Non-plane-strain fracture toughness

LLD =load hne displacement

m = constraint parameter

RPV = Reactor Pressure Vessel

PWR = Pressurized Water Reactor

PTS = Pressurized-Thermal-Shock

RTNDT = reference nil-ductility transition temperature
SENB= single edge notch bend

1 = l[emperature

W = specimen depth
Oy = Yield Strength
\Y = Poisson’s Ratio
Be = Beta-c

Introduction
Recent investigations into the influence of crack depth on fracture toughness at the

University of Kansas have shown a significant increase in toughness of steel specimens
containing shallow flaws [1, 2]. Similar research is being jointly carried out by the
Edison Welding Institute in the U. S. and The Welding Institute in the U. K. The
phenomenon of elevated shallow-crack fracture toughness appears to be caused by the
relaxation of crack-tip constraint due to the proximity of a free surface. The elevated
shallow-crack fracture toughness occurs in the lower transition range where cleavage
fracture takes place but at temperatures slightly above the lower shelf. Significant increases
(factor of 2.5 to 4.0) in CTOD caused by shallow cracks were found for both A36 and
AS517 material at the University of Kansas. A36 steel is a low-strength, high-strain-
hardening material, while A517 is a high-strength, low-strain-hardening material. The
strength and strain hardening properties of A533 B are between those of A36 and A517. It
was anticipated therefore that a significant increase in the toughness of shallow-flaws in
A533 B would also take place [3].

Current reactor pressure vessel (RPV) life assessments are strongly dependent on
the ability of the vessel material to withstand load in the presence of a flaw (i.e. sufficient
fracture toughness). An accurate determination of the fracture toughness of an RPV is
particularly important for pressurized-thermal-shock (PTS) loading. The fracture
toughness used in RPV life assessments is a function of T-RTNDT and to date has been
determined using deep-notch specimens to provide conservative results. Probabilistic
fracture mechanics evaluations of operating nuclear facilities in the Integrated Pressurized
Thermal Shock (IPTS) studies have shown that shallow, surface flaws rather than deep
cracks in the reactor vessel contribute predominantly to the calculated probability of vessel
failure [4-6]. The dominance of shallow rather than deep flaws in the probabilistic
fracture mechanics evaluations is due in part 1o the higher density of shallow flaws
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assumed to exist in the vessel wall, the increased radiation damage near the inside surface,
and the severity of the thermal shock on the vessel surface.  IPTS studies indicate that
roughly 95% of all the flaws that are predicted to initiate during the dominant transients for
the three vessel models considered were 25 mm (1 in.) deep or less [4-6]. Moreover, the
majority of these initiations took place at temperatures below RTNDT. The temperatures of
interest roughly correspond with the lower transition region of the toughness curve for
AS533 B material. In other words, a large number of the initiation events for an RPV in
PTS analyses originate from shallow flaws and occur within the lower transition region
where the shallow-flaw increase in the fracture toughness has been shown to take place.

Preliminary estimates of the shallow-crack toughness for A533 were made, based
on the results for A36 and A517, and these estimates were used to determine the impact of
a shallow flaw elevated toughness in PTS analyses. These analyses revealed that PTS
analyses could potentially be significantly impacted by considering the shallow-crack
toughness in reactor pressure vessel material [7]. The Heavy Section Steel Technology
Program (HSST) is therefore investigating the influence of flaw depth on the fracture
toughness of reactor pressure vessel (RPV) steel [3, 8].

The ultimate goal of the shallow-crack investigation is the generation of a limited
data basc of clastic-plastic fracture toughness values appropriate for shallow flaws in a
reactor pressure vessel and the application of these data to reactor vessel life assessments,
To meet these objectives, the HSST experimental shallow-crack work is divided into two
phases: a development phase and a production phase. Complementary analytical
investigations arc also in progress. During the experimental development phase the
laboratory techniques necessary for shallow-crack testing will be established and verified
through several development beam tests. Once the testing capabilities are confirmed, the
toughness of shallow-cracks will be compared with the toughness measured using deep-
crack specimens as a part of the production phase of the project. The test results reported
in this paper are a part of the developmental phase of this project. While, the results to date
have been encouraging, they should still be considered preliminary.

Test Specimen

The specimen configuration chosen for testing shallow cracks in the HSST
shallow-crack project is the single-edge-notch-bend (SENB) specimen with a through-
thickness crack (as opposed to surface crack). The bend specimen better simulates the
varying stress field in a reactor wall under PTS conditions. In addition, previous shallow-
crack work has utilized SENB specimens [1, 2]. The straight-through notch simulates
an infinitely long, two-dimensional, axially-oriented crack in an RPV. To better simulate
the conditions of a shallow-flaw in the wall of a reactor vessel, the specimen depth W and
thickness B should be as large as practicable. PWR vessel walls are nominally 200 to 280
mm thick (8 to 11 in.). A =100-mm-deep (4-in.) beam has been selected for use in the
HSST shallow-crack project. The stress state in beams of this size simulate the stress state
in a flawed vessel wall. To maintain consistency with ASTM standards, the beams are
being tested in three-point bending. All testing is being conducted on reactor material
(A533 Grade B, Class 1) [9] with the cracks oriented in the L-S orientation to maintain
consistency with the conditions of an RPV.,

Pretest Analysis
A preliminary numerical study was conducted to help determine instrumentation

requirements, to provide pretest analytical predictions of the global and local beam
behavior, and to define the crack depth(s) that would be expected to exhibit an elevated
shallow crack toughness. Crack depth to beam depth ratios (a/W) of 0.05, 0.10, 0.15,
0.20, and 0.50 were analyzed. The beam depth was held constant at 100 mm (4 in.); the



span was set at 4W. The ADINA-87 [10] finite clement code was used to perform planc
strain, elastic-plastic (von Mises, isotropic hardening) analyses of the beams loaded in
three-point bending (to the plane strain limit load). A mululinear stress-strain
representation of A533 B material tensile properties at T = - 60 °C (-76 °F) was utilized.

Eight-noded isoparametric quadrilateral elements with reduced 2 x 2 integration
order were employed throughout the modeling. Special collapsed quadrilaterals, i.e.,
wedge elements, were used at the crack tip in order to simulate blunting and to provide a 1/r
singularity at the crack tip. A total of 412 elements and 1335 nodes were used in the
modeling for each of the tive crack depths. A “crack tip region" which always had the
same mesh structure was obtained by simiply translating the block through the depth and
renumbering the surrounding nodes and elements, hence, each mode! had roughly the same
finite element discretization.

The results of the numerical study indicated a fundamental difference in the
nonlinear stresses surrounding the crack tip. The elevated fracture toughness associated
with shallow flaws is due to a loss of constraint which is indicated by the nonlinear stresscs
surrounding the crack tip being influenced by the tension surface of the specimen [1]. The
finite element analyses indicated that the nonlinear stresses surrounding crack less than 15
mm (0.6 in.) deep were influenced by the tension surface. Thus indicating an increase in
the toughness for tlaw depths less than 15 mm (0.6 in.) would be expected.

Test Matrix
Two crack depihs (one shallow and one deep) were tested during the development

phase of the project. The nominal crack depth chosen was a = 9 mm (a = 0.4 in.), which is
prototypic of the flaw depths that resulted in initiation in the IPTS studies [4-6]. One
specimen was tested with a flaw depth of 14 mm (0.55 in.) for comparison. Presently, the
relative influence of absolute crack depth, a, or normalized crack depth, a/W, is not fully
understood. For the specimen sizes being considered in this project, it is believed that
absolute crack depth rather than a/W will be the primary variable of interest. However, this
assumption wili be verified by testing additional crack depths during the production phase
of the project.

To properly transfer shallow-crack fracture toughness data to the RPV, the effect of
out-of-plane constraint on the toughness must be well understood. To investigate the
effects of nut-of-plane constraint in the beams, the beam thickness was varied to examine
the effect on toughness. Three thicknesses were used: B= 50, 100, and 150 1mum (2, 4, and
6in.). At least one deep-crack specimen and two shallow-crack specimens were tested
using beams of each thickness. The span for the 50 mm thick beam is 4W or 406 mm (16
in.). The spans for the 100 and 150 mm beams was increased to 864 mm (34 in.) in order
to assure failure without exceeding the load capacity of the beam fixture.

The temperature for all developmental testing work is within the lowe transition
region for A533 B steel. RTNDT for this material is -35 °C (-30 °F) [9]. The testing
temperature for all the tests except one was T = -60 °C (-76 °F). T-RTNDT Wwas therefore
-25 °C (-46 °F). One test was run at RTNDT. During the production phase of the project
testing will be performed at multiple temperatures in the lower transition region to fully
quantify the temperature range in which the toughness elevation takes place.

Table 1 gives a summ.sy of the development phase test matrix, showing the
number of tests performed at each condition. A total of 14 specimens have been tested in
this phase. Of the 14 beams tested, 5 were deep-cracked, and 9 were shallow (@/W = 0.10-
0.15). Eight of the beams tested were 50 mm (2 in.) thick, 3 beams were 100 mm (4 in.)



thick, and 3 beams were 150 mm (6 in.) thick. All beams except one were tested at -60 °C
(-76 °F). The final beam ( B = 2 in., a/W = 0.1) was tested at -35 °C (-30 °I).

Test Technique

Instrumentation is attached to the specimens to make possible J-integral and CTOD
measurement of fracture tonghness. The J-integral is determined from the load-line-
displacement (I.LLLD) using the reference bar technique. CTOD is being determined from
crack-mouth-opening-displacement (CMOD) using clip gages mounted on the crack mouth
of the specimen. Currently, toughness data are being expressed in terms of CTOD
according to ASTM E1290-89, Crack-Tip Opening Displacement (CTOD) Fracture
Toughness Measurement.

The plastic component of CTOD is determined experimentally from the plastic
component of CMOD and the rotation factor. The plastic displacement of the crack flanks
is assumed to vary linearly with distance from the plastic center of rotation. In this way,
the plastic CMOD can be related to the plastic CTOD. The plastic center of rotation is
located ahead of the crack tip a distance equal to the rotation factor (RF) multiplied by the
remaining ligament (W-a) {1]. Numerous experimental and analytical techniques have been
used to determine the rotation factor [1, 2, 11-15], although no single technique seems
1o be universally accepted. The rotation factor in ASTM E1290 is given to be 0.4, butis a
function of specimen geometry and material. In this study two experimental methods were
used to determine the rotation factor. The first method was the use of dual clip gages
located at different distances from the crack mouth, The second technique was to locate the
neutral axis of the beam ahead of the crack tip using swrain gages, assuming that the plastic
center of rotation was located at the neutral axis of the beam. The strain gage method
resulted in much more consistent and acceptable values of the rotation factor than the dual
clip gage approach and was used for all CTOD calculations. The rotation factor was found
to be insensitive 10 beam thickness and to vary between about 0.3 for the deep-crack
specimens to 0.48 for the shallow crack specimens. The rotation factor for eight of the
beams was determined using the strain gage method. The rotation factor for the other
beams was taken as the average of the values based on crack depth. Table 2 gives the
rotation factor determined according 1o the preferred technique and the value used to
determine the CTOD.

Two techniques were used to attach the clip gages to the speciniens. The first
technique was to attach the gage directly to the crack mouth; the second method was to
attach the clip gage to a shim with a beveled edge which was welded 1o the specimen.
Compliance values from each test were compared to expressions included in ASTM E813,
JIc, A Measure of Fracture Toughness. Results of this comparison showed that attaching
the clip gages to shims is the better technique. Data rrom the specimens in which the clip
gages were attached directly to the crack mouth of the specimen were slightly in error. The
error 1s due to lack of point contact between the clip gages and the specimen which
introduces displacements other than opening of the crack-mouth in the clip gage
measurement. Examination of the data shows, however, that correction of the error would
have a negligible effect on the deep-crack data and would increase CTOD fracture
toughness about 5-7% in the shallow-crack data. Since the exact correction is unknown for
the beams in which the clip gages were attached directly to the specimen mouth and the
errors are relatively minor, no adjustment of the data has been applied.

Initial notches were inserted into the specimens using electron discharge machining
(EDM). The notches were then fatigue precracked to produce sharpened initial flaws.
Fatigue precracking was performed according to the guidelines detailed in ASTM E399,
Plane-Strain Fracture Toughness of Metallic Materials. Crack growth was monitored by



micans of the change of crack mouth opening compliance, using the clip gage data and the
equations for crack length in ASTM E813. The cquations in ASTM 1813 relating crack
length to compliance are invalid for shallow-crack specimens. However, a change in
compliance of 10-15% gencrally gave sufficient crack growth. In a few cases in the fatigue
growth did not exceed 1.3 mm (0.050 in.). Examination of the results from these cases
revealed no noticeable bias in the toughness values. Afier fracture, fatigue crack growth
was visually measured according to the 9-point method as outlined in ASTM ES13 or
E1290. The greatest difference between any two crack growth measurements for ali the
tests was less than 1.8 mm (0.070 in.). The average maximum difference in crack growth
measurements was about 0.9 mm (0.035 in.). Crack growth met all remaining
requirements in ASTM E8&13 or E1290 for crack profile and orientation.

Test Results
Load versus CMOD curves were generated and examined for each beam tested. In

order to normalize the load between beams of different spans, thicknesses and slightly
different beam depths, the applied stress (rather than applied load) which would exist in an
uncracked beam was plotted vs. CMOD. The applied stresses for the test and analyses
results were calculated from the applied loads and the beam geometries according to elastic
strength of materials equations. The stress vs. CMOD curves for the a/W = 0.50 and 0.10
tests are illustrated in Fig, 1a and 1b, respectively for beams tested at T = -60 °C (-76
‘F) and are compared with the analytical stress vs. CMOD curve. The stress vs, CMOD
test data are consistent and agree well with the analytical data providing additional
confidence in the test data. The analytical stress vs. CMOD curves were generated using a
plane swrain elastic-plastic finite clement ADINA {10] model. The test data represents
beams of three different thicknesses. The consistency of the test data and the agreement
with the plane-strain analytical data would indicate little loss of out-of-plane constraint due
to insufficient specimen thickness in the test data.

The toughness data expressed in terms of CTOD and temperature in Table 2 are
shown in Fig. 2 along with the material characterization curve [9]. Data from three crack
depths (a/W =0.50, 0.15, and 0.10 ) and three thicknesses (B = 50, 100, 150 mm) are
presented. The deep-crack toughness values are slightly higher than the material
characterization curve and are consistent with previous compact-tension specimen data
[16] from the same heat of material tested prior to this program. The trend of the results in
Fig. 2 indicates both a significant increase in the measured fracture toughness for shallow-
crack specimens in the lower transition region. The a/W = (.15 datum also appears t0
exhibit a shallow-crack toughness elevation. The ratio of the mean shallow-crack
toughness to deep-crack toughness is 4.4 for the beams tested at -60 C (-76 F). The ratio
of the shallow to deep lower-bound toughness is 2.9 which is consistent with the shallow-
crack elevated toughness for A36 and A517 steel determined at the University of Kansas
[1, 2]. As indicated in Ref. 1 & 2, the shallow and deep-crack toughness for A533 B is
expected to converge on the lower shelf,

Crack-tip-opening displacement CTOD and the plane-strain stress-intensity factor,
Kjc are related according [17] to:

CTOD = Kic2(1-v3) / (26,E). (N
The ratio of shallow-to-deep toughness in terms of Kjc is equal to the square root of the
ratio in terms of CTOD (shallow-crack toughness is =70% greater than the deep-crack
toughness at -60 ° C). The spread of the data is also reduced expressing the toughness in
terms of Kjc.

If it is assumed that the shallow-crack toughness curve has the same shape as the
deep-crack toughness curve, the shallow-crack toughness increase can be expressed as a



temperature shift. Previous A36 data supports this assumption [1]. The lower bound
shallow-crack datum at T =-60 °C (76 °IF) and the single datum at T = -35 °C (-30 °F) are
shifted 46 10 48 °C (83 to 87 °FF) from the characterization curve respectively. The lower
bound deep-crack datum is shifted about 16 °C (28 °F) from the characterization which
indicates a temperature shift for the shallow-crack specimens of 30 °C (55 °F).

Beams 50, 100, and 150 min (2, 4, and 6 in.) thick were tested to investigate the
influence of differing out-of-plane-constraint levels on the toughness of shallow and deep-
crack specimens. Toughness data are plotted as a function of beam thickness for all of the
tests conducted at T = -60 °C (-76 °F) in Fig. 3. As shown in Figs. 2 and 3, the
toughness values for the shallow and deep-crack specimens from the 100 and 150 nm (4
and 6 in.) thick beams are generally consistent with the 50 mm (2 in.) thick data.
However, there appears to be slightly more data scatter associated with the 50 mm (2 in.)
thick beams than with the 100 and 150 mm (4 and 6 in.) thick beams. Itis interesting to
note that the lowest shallow and deep-crack toughness values were both from beams with
the least thickness (B = 50 num). Beams of three thicknesses were tested to select the
appropriate beam size for the production phase testing. The testing temperature is expected
to be greater for many of the beams tested in the producuon phase of the program, As the
temperature increases, additional loss of out-of-plane constraint is anticipated. Therefore,
even though the 50 mm beam thickness might be sufficient at Jower temperatures, the 100
nmm beam thickness was chosen for future testing since the greater thickness might be
required at the higher temperatures.

Modified Irwin Correction

The toughness data were converted to K, critical stress-intensity factor valucs
according to the foilowing equation [18]:

K¢ = {mGyE*CTOD}1/2 ()
It was decided to set the constraint factor, m, to 2 for deep and shallow-flaw specimens
until additional information was available on the variation of the constraint parameter for
shallow flaws. Examination of the K¢ data and ASTM E399 revealed that only the 150 mm
(6 in.), deep-crack test result would meet the validity requirement for sufficient bcam
thickness and none of the data would meet the validity requirement for crack depth. The
plane stress form of Eqn. 2 was used since the data did not satisfy the ASTM E399 validity
requirements. The goal of the shallow crack program is to investigate the toughness as a
function of crack depth and apply the results to a reactor pressure vessel, which is a highly
constrained application. The deep crack test results therefore should maintain plane-strain
constraint or be adjusted to estimate the plane-strain toughness. Since specimens required
to maintain plane-strain constraint are prokibitively large, the data taken from the deep-

crack specimens have been adjusted for loss of out-of-plane constraint via Irwin's B¢
correction [19]. Th= Irwin B¢ correction is first applied by calculating 8¢ from the
experimental data and then solving the following equation for Bic:

1.4B]C3 + BIC = BC , where: (3a)
Bc = (K¢ /0y)?/ B, and (3b)
Bic = (K¢ /0y)? / B. (3c)

The adjusted, plane-strain toughness is then calculated according to :

Kic = Kc ¥ (Bie/Be). “
Application of the Irwin f¢ correcnon reduces the average deep-crack critical toughness

from 109 MPa+n (99.2 KsiVin.) to a corrected plane-strain value of 90.5 MPavm (82.4
KsiVin.) as shown in Table 3. The magnitude of the reduction is relatively minor [19].



The small magnitude of the correction and the consistency between the data of different
thicknesses indicate that little loss of out-of-plane constraint is present in the deep-crack
data in spite of the fact that the validity requircments have not been met.

Relaxation of crack-tip constraint in either dirzction (in-plane or out-of-plane), has
the effect of elevating the critical toughness. The Irwin ¢ correction successfully accounts

for loss of out-of-plane constraint and, therefore, a modification (of the B¢ correction)
proposed by Merkle [20] to account for the loss of in-plane constraint associated with
shallow flaws was applied. This modification is based on the assumption that the critical
dimension in the constraint of a beam is the distance from the point of greatest constraint to
the nearest free surface, not including the crack surface. In deep-crack beams, this distance
is half the beam thickness; in shallow-crack specimens, the critical dimension is the crack

depth. By using the appropriate critical dimension, the Irwin B¢ correction can be modified
1o account for both loss of out-of-plane constraint (insufficient thickness) and loss of in-
plane constraint (shallow-crack effect) [20]. As shown in Table 3 and Fig. 4, the
modified Irwin correction applied to the HSST data adjusts both deep and shallow-crack
toughness data to the same value,

Since the shallow and deep-crack toughness data can be adjusted to the same value,
the maodified correction could potentially be used to “predict” the shallow-crack fracture
toughness from deep-crack toughness data. Although the shallow-crack toughness data
were available, the modified Irwin correction was applied to the data to see if “predictions”
could be made of the shallow-crack toughness using only deep-crack data. ‘The “predicted”
shallow-crack toughness was determined from the adjusted plane-strain, deep-crack
toughness according to [20]:

Ke = Kjex| 1+1.4p1c2112, )
where K¢ = 90.5 MPavin (82.4 KsiVin.) and
BIc = (Kic /Oy)?/ 2a. (6)

The agreement between the “predicted” shallow-crack toughness estimated using the
modified Irwin correction and the actual toughness from the shallow-crack specimens is
good. The average “predicted’ shallow-crack toughness using the deep-crack data with the

modified Irwin B¢ correction is 230 MPavm (209 KsivVin.); the average actual shallow-
crack toughness is 229 MPavfi (208 KsiVin.). A plot of the actual vs. “predicted”
toughness for each shallow-crack test (Fig. 5) shows good agreement between the
individual “predicted” and actual shallow-crack toughness values. It should be noted that
the modified Irwin correction “predicted” the shallow-crack toughness for crack depths
ranging between a = 8.36 to 14.0 mm (0.329 10 0.553 in.). The “predicted” shallow-crack
toughness shows little scatter since the individual values only vary with the crack depth.

The ability of the modified Irwin B¢ correction to predict the elevated shallow-crack
toughness from deep-crack data depends on similar out-of-plane constraint being present in
the data of different thicknesses.

Future Work
The application of the shallow-crack fracture toughness data to reactor vessel

analyses remains the final goal of the program. To reach that goal, more specimens should
be tested with multiple crack depths and at several temperatures within the transition region.
The results generated to date are encouraging but not conclusive as to how to apply the
data to an RPV. Prior experimental work within the HSST program has included tests on
thick-walled vessels which have contained relatively shallow flaws [21]. These tests offer
a means to validate the technology of applying shallow-flaw toughness data to an RPV.



9

In addition, numerical analyses of the test specimen and the application (i.e. an
axially oriented flaw in an RPV) need to be performed and interpreted. These analyses will
provide a means for checking ransferability of the test results 1o an RPV. The modified
Irwin correction is being further evaluated and refined and is being considered as a
relationship to account for flaw-depth in the fracture toughness of reactor pressure vessel
steels. The conditions under which the modificd Irwin correction can be used in reactor
vessel analyses need to be established.

Conclusions
Although the test results presented in this paper are preliminary, the data are
encouraging and the following interim conclusions can be drawn.

Specimens tested with a shallow-crack depth (a = 9 mum, in this case), exhibit a
toughness which is significantly higher than the deep-notch toughness at
temperatures in the lower transition region. The shallow-crack fracture toughness
data determined for A533 B are consistent with the toughness elevation observed by
others for shallow-cracks in A36 and A517 steels.

The single specimen tested with a crack depth of 14 mm (0.6 in.) also appears to
show a toughness clevation,

The shallow-crack toughness clevation from the 100 and 150 mm (4 and 6 in.)
thick beams is generally consistent with the 50 mm (2 in.) thick data. However,
there appears 10 be slightly more data scatter associated with the 50 mm thick beams
than with the 100 and 150 mm thick beams. The influgnce of out-of-planc
constraint appears minimal in the test re-ults.

The Irwin B¢ correction, modified 1o accourit for loss of in-plane constraint, has
been used to estimate the elevated shallow-crack fracture toughness from the deep-
crack toughness data. The agreement between the estimated shallow-crack
toughness estimated using the modified Irwin correction and the actual toughness
from the shallow-crack specimens is good.
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Table 1. Test Matix for HSST Developement Beams

Crack Depths, a/W
0.50 0.15 0.10 Total
Thicknesses
50 mm 3 beams 1 beam 4 beams 8 beams
100 mm 1 beam 2 beams 3 beams
150 mm 1 beam - 2 beams 3 beams
Total 5 beams 1 beam 8 beams 14 beams
Notes:

1 All beams were tested at T = ~60 °C (~76 °F) except one of the 50 mm, yW =
0.10 beams which was tesied at T = —35 °C (-30 °F).

2. Nominal beam depth was 94 mm (3.7 in.).



Table 2. HSST Test Data

Mcasured Measured
) Elastic Failure Failure  Toughness
HSST  Temperaturc S B w a AW Rotation Compli
o mpliance Load CMOD CTOD
Beam # )] (mm) (mm) (mm) (mm) Factor (mm/kN) (kN) (mm) (mm)
3 -35.6 406 50.6 99.7 10.0 0.102 0.47 3,09 x10-4 600 0.808 0.587
4 -60.6 406 50.7 99.5 51.8 0.520 0.30! 338 x10-3 128 0.461 0.0469
5 -55.3 406 50.6 99.1 51.2 0.517 0.301 3.14 x10-3 140 0.442 0.0488
6 -59.2 406 50.6 99.5 51.9 0.522 0.301 3.52 x10-3 185 0.758 0.109
7 -59.4 406 50.7 94.2 10.2 0.108 0.5/1 3.27 x10-4 433 0.250 0.138
8 -59.5 406 50.8 94.2 9.63 0.102 O".,§O 3.12 x10-4 657 0.652 0.478
9 -62.3 406 50.9 94.0 9.52 0.101 0.47 3.09 x10-4 552 0.508 0.352
10 -60.2 406 50.9 94.3 14.0 0.149 0.451 477 x104 489 0.434 0.232
11 -56.7 864 102 93.9 8.36  0.0890 0.48 3.08 x10-4 472 0.312 0.198
12 -56.7 864 102 94.7 49.8 0.526 0.26 4.44 x10-3 117 0.574 0.0560
13 -59.6 864 102 94.0 8.81 0.0938 (.48 3.29 x10-4 502 0.514 0.360
14 -57.4 864 152 92.5 8.69 0.0939 0.48 2.25 x10-4 723 0.504 0.349
15 -58.5 864 153 94.5 8.66 0.0917 0.47 2.14 x10* 684 0.257 0.147
16 -57.8 864 153 94.0 50.0 0.532 0.33 2.81 x10-3 170 0.530 0.0576
Notes:

1. Rotation factor not explicitly determined for these specimens. Rotation-facior used is average of similar tests.

2. Yicld Stress = 468 MPa@ T =~ -60 °C and 440 MPa @ T = -35 °C. The Yicld Stress was estimated from room temperature values and adjusted
for the lower temperatures.



Table 3. Actual and “predicted” oughness values
using modified Irwin e correction

HSST Beam # a B K. actual Ky K¢ predictted
(mm) (mm) — (MPavm) (MPaym)  (MPavim)
4 51.8 50.7 95.2 79.1 109
5 51.2 50.6 97.3 80.1 110
6 51.9 50.6 145 99.7 132
12 49.8 102 104 94.2 100
16 50.0 153 105 99.6 95.9
Average Deep-Flaw 109 90.5 109
7 10.2 50.7 163 81.0 216
8 9.63 50.8 304 101 227
9 9.52 509 261 95.0 229
10 14.0 50.9 212 99.0 169
11 8.36 102 196 81.9 256
13 3.81 102 264 93.0 245
14 8.69 152 260 92.0 247
15 8.66 152 168 78.1 248
Average Shallow-Flaw 229 90.1 230
Note:

1. Average of deep-crack adjusted values was used to “predict” toughness for
shallow-flaw specimens.

2. Only tests conducted at T = —60°C included.
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Fig. 4 Application of Modified Irwin Bc Correction to Shallow and Deep-Crack Toughness Data
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