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ABSTRACT

Material characterization tests were conducted on laboratory specimens
machined from pipes to determine the effect of dynamic loading (i.e.,
rates comparable to those for high amplitude seismic events) on tensile
properties and fracture resistance at 288 C (550 F). Specimens were
fabricated from seven different pipes, including carbon steels and
stainless steels (both base metal and weld metal), which were to be
subjected to full-scale pipe tests in IPIRG Task 1.0.

tor the stainless steels tested at 288 C (550 F), no pronounced harmful
effects of dynamic loading were evident. Tensile strength was
unchanged, while yield strength and fracture resistance were increased.
The increase in fracture resistance was modest for the wrought base
metals and substantial for the weld metal and the cast base metal.

The carbon steels, on the other hand, because of their susceptibility to
dynamic strain aging, displayed both temperature and strain rate effects
that are not expected for most ductile metals. The carbon steel base
metal and welds exhibited ultimate tensile strength values at 288 C

(550 ¥) that were greater than at room temperature. Furthermore, the
ultimate tensile strength at 288 C (550 F) was lowered significantly by
increased strain rate and, in the carbon steel base metals, increased
strain rate also lowered the fracture resistance, substantially in the
base metal of one pipe.

In comparing these results to the IPIRG pipe test results to date, it
was found that the trends of these tests agree well with the Subtask 1.2
quasi-static and dynamic pipe fracture experiments. Loads measured in
the Subtask 1.1 pipe experiments were, however, somewhat higher than
would have been expected by the trends observed in the laboratory tests.
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1. SYMBOLS
A

Area under the load-displacement curve in compact
specimen tests

Crack length measured from original load line in
compact specimens

Original crack length

Uncracked ligament length (w-a)

Net thickness of side grooved compact specimen
Slope of J versus aAa curve; unless specified
otherwise, it was calculated over a range of crack

lengths from 0.15 to 1.5 mm (0.006 to 0.060 inch)

Average rate at which J rose from zero to J; in
compact specimen tests

Young's modulus of elasticity

Subscripts used to represent consecutive test record
increments in calculating a J-resistance curve

J-integral fracture parameter
Deformation J-integral
Elastic component of J-integral

J-integral at crack initiation but not necessarily a
valid J;. by ASTM EBI3

Modified J-integral
Plastic component of J-integral

Value of J-integral at crack initiation under plane
strain conditions, as specified by ASTM EB13

value of J-integral at 0.2 mm offset from a calculated
blunting line, as specified in a 1387 draft Standard
(EGF-P1-87D) prepared by the European Group on
Fracture

Applied stress intensity parameter

Load in a tensile or compact specimen test
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ASME design stress

ASME Section 11l ultimate tensile strength

ASME Section 111 yield strength

Direct-current electric potential

Value assigned to U at the onset of crack growth
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Width of compact specimen

Half spacing of potential probes on compact specimens
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Factor used in calculating J-integral, equal to 1 +
0.76 b/w

Crack extension (a-ao)

Strain

Strain rate

Factor used in calculating J-integral, equal to 2 +
0.522 b/w

Poisson's ratio

Flow strength, equal to the average of yield strength
and ultimate tensile strength
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ACRONYMS AND INITIALISMS
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ASTM American Society for Testing and Materials

c(1) Compact (ten§ion) specimen, often called simply
compact specimen
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Dyn Dynamic

EGF tEuropean Group on Fracture
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EXECUTIVE SUMMARY

This report covers the results of material characterization tests
conducted within Task 1.0 of the International Piping Integrity Research
Group (IPIRG) program. The IPIRG program is an international group
program coordinated by the U. S. NRC and conducted at Battelle. The
principal objective of the IPIRG program is to evaluate the mechanical
behavior of nuclear piping containing flaws and subjected to dynamic
loading. Dynamic loading in this report refers to loading rates
comparable to those for high amplitude seismic events.

These material characterization efforts had two objectives. The first
objective was to supply data for design and analysis of the pipe
fracture experiments. The second and perhaps more important objective
was to develop a data base to assess whether dynamic material properties
are required for leak-before-break (LBB) or in-service flaw evaluation
analyses. This report compiles the data in support of the first
objective and directly addresses the second objective. It should also
be noted that some of the guasi-static material property and pipe
fracture experimental data referred to in this report were previously
developed in the U.S. Nuclear Regulatory Commission's Degraded Piping
Program.

The materials subjected to material characterization tests were those
selected for full-scale pipe testing in IPIRG Task 1.0. They included
152 mm (6-inch) diameter, Schedule 120 ASTM A106 Grade B carbon steel
pipe and ASTM A376, Type 304 stainless steel pipe from IPIRG Subtasks
1.1 and 1.2. Materials from IPIRG Subtask 1.3 included 406 mm (16-inch)
diameter, Schedule 100 ASTM Al06 Grade B carbon steel pipe and ASTM
A376, Type 304 stainless steel pipe, submerged-arc girth welds in each
of those two pipes, and a 406 mm (16 inch) diameter, artificially aged
ASTM A351, Type CFBM cast stainless steel pipe donated by Framatome.
The CFBM pipe was originally cast with 50.8 mm (2 inch) wall thickness,
but was subsequently machined from the inside surface to produce a 25.4
mm (1 inch) wall thickness for the companion quasi-static pipe test in
the Degraded Piping Program.

Material characterization tests included uniaxial tensile tests in *he
longitudinal orientation and compact tension [C(T)] tests in the L-C
orientation. All tests were conducted at 288 C (550 F), except for one
of the materials, an aged cast stainless steel, which was tested at

300 C (872 7). For some of the materials, quasi-static test data at
other temperatures were available from the Degraded Piping Program.
Specimens were tested under displacement control with monotonically
increasing displacement at constant rate, unlike some of the IPIRG pipe
experiments in which loading was cyclic. Strain rates in tensile tests
and change in J with time, dJ/dt, in C(T) specimen tests were designed
to approximate those in the Task 1.0 pipe fracture experiments.

Within the strain rate and loading rate ranges considered, the results
of material characterization tests revealed important differences in the
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behavior of carbon steels and stainless steels. The three carbon steels
were found to be susceptible to dynamic strain aging, i.e., aging that
occurs simultaneously with plastic straining and which depends on both
temperature and strain rate. Because of their susceptibility to dynamic
strain aging, the three carbon steels were found to be stronger at 288 C
(550 F) than at room temperature, whereas the stainless steels displayed
decreasing strength with increasing temperatures, as is commonly
expected for metallic materials. While the increased tensile strength
at elevated temperatures for the carbon steels could be considered
advantageous, it was accompanied by several potentially negative
effects. First, elevated temperature tensile strength was diminished
significantly as strain rate was increased, though strength values
remained in excess of ASME code values. Second, dynamic rates of
loading decreased the fracture resistance for C(T) specimens of the two
carbon steel base metals tested at 288 C (550 F). 1In one of those two
steels, dynamic loading lowered the value of J at crack initiation (Ji)
by 35 percent and the value of dJ/da by 45 percent. Ffor reasons that
are not yet understood, the carbon steel weld metal behaved differently
from the base metal in the C(T) tests, even though the two materials
behaved similarly in tensile tests. In the dynamic C(7) tests at 288 (
(550 F), the fracture resistance of the weld metal, both J; and dJ/da,
were improved by approximately 50 percent over guasi-static test
results.

In addition to the loss of strength and fracture resistance in dynamic
tests, the two carbon steel base metals displayed another undesirable
trait that is not well understood but which is believed to be associated
with dynamic strain aging. Both steels exhibited bursts of unstable
crack extension between periods of stable tearing. The C(T) specimens
from smaller pipe showed unstable cracking in both the quasi-static and
the dynamic C(T? tests, whereas the C(T) specimens of the larger pipe
showed crack jumps only in the quasi-static tests.

In contrast to the results for the carbon steels, the stainless steels
exhibited no pronounced deleterious effects of dynamic testing. Tensile
strength values in dynamic tests were within approximately + 5 percent
of those in guasi-static tests, yield strength values were raised, and
fracture resistance was increased. The increase in fracture resistance
was modest in the case of wrought base metals and substantial for the
weld metal and the cast base metal.

The results of these material characterizaticr tests suggest that it
would be prudent to use dynamic strength and toughness properties to
evaluate flawed carbon steel pipes. For stainless steel pipes, on the
cther hand, quasi-static strength and toughness data probably are
adequate for pipe flaw analysis. These trends from the laboratory
specimen data are generally in agreement with the gquasi-static and
dynamic pipe tests in IPIRG Subtasks 1.1 and 1.2. There are, however,
some discrepancies between the trends of the laboratory specimen results
in this report and some of the pipe experiments. For example, the
Subtask 1.1 carbon steel and stainless pipe experiments showed higher
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failure loads than were observed in the Subtask 1.2 pipe experiments.
These discrepancies need additional study.

Additional work is also needed in several areas. In order to determine
the extent to which dynamic strain aging affects the properties of
carbon steels in general, a data base needs to be developed by IPIRG
members on the dynamic toughness and strength of ferritic pipes and
ferritic pipe welds used in their countries. Also, a further assessment
is needed of how to approximate strain rate effects in simplified
ferritic pipe fracture analyses, i.e., limit-load and J-estimation
scheme analyses.

4 second area needing further study is dynamic strain aging and its
effects on carbon steels operating near 288 C (550 F). Battelle has
proposed additional work to the U. S. NRC in this area which, if funded,
will provide practical methods for assessing the degree of
susceptibility to dynamic strain aging of carbon steel piping. Beyond
that, possible methods for producing carbon steel pipe that is less
susceptible to dynamic strain aging should be investigated.

Finally, this report suggests that the effect of cyclic loading on both
tensile properties and fracture resistance needs further study. Pipe
experiments conducted in Task 1.0 revealed pronounced effects of cyclic
loading, particularly when reversed loading was employed. Laboratory
specimen tests of cyclic loading effects would allow several variables
to be investigated much more economically than would full-scale pipe
tests. At a minimum, the pipe materials used in cyclic pipe tests
should be used for cyclic C(T) tests with load histories similar to
those of the IPIRG pipe experiments.
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cracked stainless steel pipe in Subtask 1.3. In Figure 1.1b, segments
AB, BC, and so on, are summed to provide an estimate of the time to
reach crack initiation, which was based on knowledge of the moment
required to produce crack initiation in a guasi-static test of the same
pipe material. The summation of these time segments effectively gives
an equivalent monotonic loading time to crack initiation, which ignores
the cyclic aspects. In the example shown in Figure 1.1, the time to
crack initiation was estimated to be 0.19 s. Using similar analysis
methods for other pipe tests in Task 1.0, crack initiation times as long
as 0.52 s were estimated. In order that the dynamic C(T) tests be
representative of the shortest estimated crack-initiation times in
dynamic pipe tests, displacement rates for dynamic C(7) tests were
chosen to produce crack initiation in approximately 0.2 s.

..
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fable 2.1. Description of Task 1.0 pipes subjected to material characterization tests

Pipe ldent. Pipe Dimensions, mm (in)
Number Material Type Schedule Diameter Wall Thickness
DP2-F30 ASTM A106, Grade B Carbon Stee] 120 152 (6) 14.3 (0.562)
DPZ2-F29 ASTM A106, Grade B Carbon Steel 100 406 (16) 26.2 (1.031)
DF2-F29%  Submerged-arc girth weld in ASIM A106, Grade 8(2) 100 406 (16) 26.2 (1.031)
DP2-A23 ASTM A376, Type 304 Stainless Steel 120 152 (6) 14.3 (0.562)
OP2-A8 ASTM A358, Type 304 Stainless Stee! 100 406 (16) 26.2 (1.031)

DP2-ABW Submerged-arc girth weld in ASTM A358, Type 304(b) 100 406 (16) 26.2 (1.031)

DP2-A40 Aged AJStC)Type CF8M Centrifugally Cast Stainless .- 406 (16) 25.4 (1.0)

(b)

(c)

Steel

The ferritic steel girth weld was prepared by United McGill Corporation of Columbus, Ohio,
using procedures recommended by Babcock & Wilcox. It was a single-Vee weld having a

6.4 mm (0.25 in) gap; a 9.5 mm (0.38 in)-thick steel backing strip was used for the

root pass. The filler metal met specification SFA-5.23, Class EF2 (Linde 44) and the flux was
Linde 80. The weld was stress relieved at 605 C (1125 F) for 1 hour.

The austenitic steel girth weld was prepared by United McGill Corporation oi Zolumbus, Ohio,
using procedures recommended by General Electric Company. It was a single-Vee weld having a
1.6 mm (0.063 in) land and a 2.4 mm (0.094 in) gap. The first two root passes employed the gas
tungsten arc process, the next two passes used the shielded-metal arc process, and the
remaining passes used the submerged-arc process. The filler metal met specification SFA-5.9
{Class ER-308) for GTAW and SAW, and SFA-5.4 for SMAW. The flux was ER-308/ST-100
(Lincolnweld).

The pipe was cast having a wall thickness of 50.8 mm (2.0 in); half of the original wall was
machined away from the inside prior to conducting pipe tests and C(T) tests at Battelle,
leaving a final wall thickness of 25.4 mm (1.0 in). The pipe had been aged previously at

400 C ?750 F) for 700 hours to produce embrittlement similar to that encountered in long-time
service. The pipe had a ferrite content of about 20 percent.






3.0 TENSILE TESTS

3.1 Experimental Procedures

Tensile specimens were machined from the pipes such that their tensile
axis was parallel with the pipe axis. Base metal specimens were taken
from the midwall location of the pipe but weld metal specimens were
taken from near the outside of the pipe where the girth weld was
relatively wide so that the reduced section cf the specimen consisted
entirely of weld metal.

Tests at the higher strain rates (1 to 10 s'l) employed flat, pin-loaded
specimens of the design shown in Figure 3.1. For the austenitic weld
metal specimens (DPZ2-ABW), the dimensions of the reduced section had to
be lessened, to 20.3 mm (0.8 in) by 5.1 mm (0.2 in), because of the
relative narrowness of the fusion zone.

Tests at quasi-static rates employed both flat, pin-loaded specimens, of
the type shown in Figure 3.1, and round-bar threaded-end specimens. The
round-bar specimens were of two types, depending on whether they were
tested at Battelle or at Materials Engineering Associates (MEA) as part
of the NRC-sponsored Degraded Piping Program. Battelle specimens had a
gage diameter of 6.35 mm (0.25 in), a reduced-section length of 31.8 mm
(1.25 in), and a gage length of 25.4 mm (1 in). MEA specimens had a
gage diameter of 5.1 mm (0.2 in), a reduced-section length of 25.4 mm

(1 in), and a gage length of 12.7 mm (0.5 in).

Tests that employed the flat, pin-loaded specimens were conducted in a
22kN (5000 ng—capacity servohydraulic testing machine. The specimens
were enclosed in a circulating-air oven which had windows in both the
front and back for transmission of light. Temperatures were maintained
within +2 C (+4 F) of the designated test temperatures. In both the
quasi-static and dynamic tests on the flat specimens, strain in the gage
section was monitored using a noncontacting optical strain-measuring
device (Optron Model 511), shown schematically in Figure 3.2. The
specimen was back 1it using a high intensity lamp to create a sharp
contrast at the edges of the flags located at the extremities of the
gage section. As the flags moved apart during the tensile tests, the
optical device followed their movement and provided an electrical signal
whose magnitude was proportional to the change in spacing of the flags.
Recording of data in quasi-static tests employed an X-Y recorder
(Hewlett Packard Model 7004-B) to obtain curves of load versus
elongation, while in dynamic tests a transient recorder (Gould Model
4074) was used to obtain curves of load, elongation, and ram
displacement versus time. Figure 3.3 is an example of the type of data
obtained in a dynamic test; Figure 3.3a shows the various quantities
versus time and Figure 3.3b shows load versus elongation.

Quasi-static tests on round-bar specimens were conducted in a Baldwin
hydraulic testing machine and employed an electric resistance split-
tubular furnace to achieve the desired test temperature. Elongation
during the test was measured with a clamp-on extensometer in which the
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elongation was transferred outside the furnace by a rod-in-tube
arrangement and dctected using a linear-variable Cifferential
transformer. Data were recorded in two ways: (1) a curve of load
versus elongation was platted autographically as the test proceeded, and
(2) load and elongation data were recorded on a Compag computer equipped
with a data acquisition board.

Values of 0.2 percent offset yield strength and ultimate tensile
strength were calculated from the curves of load-versus-elongation,
while ductility values were obtained from measurements on the fractured
specimens. Complete stress-strain curves to the point of fracture were
also plotted for each specimen tested.

3.2 Tensile Test Results

Summary graphs and tables of tensile test results are presented in this
section. Tabulated stress-strain data for individual tensile specimens
were also developed for the evaluation of the full-scale pipe fracture
experiments.

3.2.1 Carbon Steel Tensile Test Results

Pipe Number DP2-F30, [152 mm (6 inch), Schedule 120, ASTM Al106 Grade B
Carbon Steel Pipe]. During the course of the investi?ation of strain
rate effects, 1t became apparent that the carbon steels (Battelle Pipe
Numbers DP2-F30, -F29, and -F29W) were susceptible to dynamic strain
aging (DSA). DSA is a phenomenon in which aging occurs simultaneously
with straining at certain strain rates and temperatures (Ref. 3.1). It
results from the rapid diffusion of minute quantities of nitrogen and/or
carbon dissolved in the steel. DSA can produce several unusua effects,
as described later. To investigate the susceptibility to DSA of the
carbon steels used in nuclear piping, one of the steels, DPZ-F30, was
subjected to additional tensile testing beyond that used for the other
materials.

The results of tensile tests on specimens from Pipe DP2-F30 at various
temperatures and strain rates are summarized in Table 3.1 and Figure
3.4. Notice in Figure 3.4 that the yield strength at room temperature
was approximately 130 percent of the ASME Section II1 specified minimum
yield strength, SMYS. The tensile strength at room temperature was
approximateiy 120 percent of the ASME Section 111 specified minimum
tensile strength, SMIS. Figure 3.4 also illustrates some of the unusual
effects of DSA discussed earlier: (1) in quasi-static tests, the tensile
strength rather than decreasing continuously with increasing
temperature, as is typical for many metals, actually showed a strength
increase over a certain range of temperatures; in fact, the tensile
strength at 288 ( (550 F) was greater than at room temperatur:, and (2)
at 288 C (550 F), increasing the strain rate caused the strength to
decrease, rather than to increase as it does at room temperature.

Notice also in Figure 3.4 that the yield strength was relatively
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unaffected by either strain rate or temperature over the ranges
investigated, and that a minimum in tensile ductility coincided with a
minimum in strength at the highest strain rate. The combination of low
strength and low ductility suggests that toughness also is low at that
combination of temperature and strain rate.

Figures 3.5 and 3.6 show engineering stress-strain curves and true
stress-strain curves, respectively, for DP2-F30 steel at three different
strain rates at 288 C (550 F). The curve at the intermediate strain
rate in Figures 3.5 and 3.6 illustrates another feature of DSA, namely,
serrated stress-strain curves which occur at certain combinations of
strain rate and temperature. The serrations can be explained by
fiypothesizing interactions between moving dislocations in the steel (the
mechanism by which plastic deformation occurs) and nitrogen and carbon
atoms, whose ability to diffuse to the dislocations is governed by
strain rate and temperature. Keh, Nakada, and Leslie (Ref. 3.2) have
shown that the serrations occur only in a certain range of temperatures
and that the temperature range is moved upward by increasing the strain
rate.

Figure 3.7 shows the effect of strain rate on tensile properties at

288 C (550 F) for DP2-F30. As was noted earlier, the tensile strength,
as well as the ductility, diminished significantly with increasing
strain rate but the yield strength was not strongly affected by strain
rete. The question arises whether the tensile strength would continue
to drop at even greater rates of strain. The shape of the curves
presented in Figure 3.4 suggests that the strength would not fall
continuously with increasing strain rate but would begin to rise beyond
some 1imiting rate. Experimental evidence to support this suggestion
nas been reported by Manjoine (Ref. 3.32) for a mild steel tested betuesn
0 and 6501C (32 and 1200 F) and at strain rates ranging from 8.5 x 10~
to 300 s7°.

Also noted in Figure 3.7 are the ASME Section 111 yield (S ) and
ultimate strength (5,) values at 288 C (550 F) for A106 Gride B pipe.
The actual yield strength was approximately 175 percent of the ASME
value for Pipe F30. Although the ultimate strength decreased
significantly with increasing strain rate, the actual ultimate strength
at the higher strain rates was still greater than the ASME Section 111
value. Hence, overall this particular pipe had much higher strength
values than the ASME Section 111 values.

The other two carbon steels investigated in IPIRG Task 1.0 (DP2-F29 and
DP2-F29W) also showed evidence of susceptibility to DSA, but they were
subjected to fewer tensile tests than was DP2-F30. Test results for
those two steels are described separately below.

Pipe Number DP2-F29 [406 mm (16 in), Schedule 100, ASTM A106 Grade B
Carbon Steel Pipe]. Specimens fabricated from Pipe DP2-F29 were

subjected to quasi-static tests at room temperature, 149 ( (300 F), and
288 C (550 F), and to dynamic tests only at 288 C (550 F). The results

of those tests are summarized in Table 3.2 and Figure 3.8. Notice in
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In comparing the F29 base metal tensile test results to the F29W weld
metal results, it was found that the weld metal yield strength at 288 C
(550 F) exceeded the base metal yield strength at all strain rates
investigated. However, the ultimate strength of the weld metal at 288 C
(550 F) was below that of the base metal at quasi-static rates and
approached the base metal ultimate strength at a strain rate of
10/second.

3.2.2 Austenitic Stainless Steel Tensile Test Results

tach of the three austenitic stainless steel pipes investigated in IPIRG
Task 1.0 was tested only at 288 C (550 F). However, data from quasi-
static tensile tests at several other temperatures were available from
the Degraded Piping Program for Pipe DP2-A23 (A376, Type 304) and Pipe
DP2-AB (A358, Type 304) (Ref. 3.4).

Pipe Number DP2-A23 [152 mm (6 in) Schedule 120, ASTM A376, Type 304
Stainless Steel Pipe]. Tensile properties are summarized in Table 3.4
for all tensile tests, both quasi-static and dynamic, conducted on DP2-
A23. Figure 3.15 shows the effect of test temperature on tensile
properties, using data obtained from round-bar specimens in the Degraded
Piping Program. As is commonly observed in austenitic stainless steels
and many other metallic materials, both the ultimate tensile strength
and the yield strength of DP2-A23 were diminished significantly as the
temperature was increased. The tensile ductility, as indicated by
percent elongation, was also diminished with increasing temperature, for
reasons that are not known.

Notice in Figure 3.15 that the actual yield strength of Pipe A23 at room
temperature was approximately 115 percent of the ASME Section 111
specified minimum yield strength (SMYS). The actual tensile strength at
room temperature for Pipe A23 was approximately 120 percent of the ASME
Section 111 specified minimum tensile strength (SMTS).

In tensile tests conducted at room temperature and 288 C (550 F) on this
material, round-bar specimens tested at severa) different laboratories
at quasi-static rates showed good agreement in resuits. However, a
single flat specimen tested at 288 C (550 F) and a guasi-static rate at
Battelle exhibited both lower strength and lower elongation than did the
round-bar specimens (see Table 3.4). While the smaller cross-sectional
area of the flat specimen could account for a portion of the observed
ductility reduction (Ref. 3.5), the only logical explanation for the
Inwer strength of the flat specimens is material variability within the
same heat of steel. Because the flat specimens gave somewhat different
results than did the round-bar specimens, subsequent comparisons between
dynamic tests (which employed flat specimens) and quasi-static tests
will be based only on flat-specimen tests.

Figures 3.16 and 3.17 show engineering and true stress-strain curves,
respectively, for flat specimens tested at several different strain
rates at 288 C (550 F). Figure 3.18 summarizes the effect of strain
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rate on tensile properties. Notice in Figure 3.18 that the 2 percent
offset yield strength values have been used because the quality of the
strain data at small strains for this material was inadequate to permit
measurement of the 0.2 percent offset yield strength. The results
indicate that increasing the strain rate by four orders of magnitude
raised the yield strength of Pipe DP2-A23 significantly but had only a
modest effect on ultimate tensile strength and fracture elongation.

The ASME Section 111 yield strength (S ) and ultimate strength (Su)
value at 288 C (550 F{ are also indica!ed in Figure 3.18. Notice that
the actual yield strengths were above the ASME S_ value for all strain
rates, but the actual ultimate strengths were beYow the ASME S, values
for all strain rates.

Pipe Number DP2-A8 [406 mm (16 inch), Schedule 100, ASTM A358, Type 304
Stainless Steel Pipe]. Tensile properties are summarized in lable 3.5
for all tensile tests, both quasi-static and dynamic, conducted on
material from Pipe Number DPZ-AB. Figure 3.19 shows the effect of test
temperature on tensile properties. The results in Figure 3.19 are
similar to those for austenitic Pipe Number DP2-A23, shown in Figure
3.15, that is, the tensile strength, yield strength, and fracture
elongation were decreased by increasing the test temperature in both
pipes. As was noted earlier, strength decreases are the expected result
of increasing the test temperature; however, the reason for the decrease
in fracture elongation as temperature was raised is not known.

Notice in Figure 3.19 that the actual yield strength of Pipe AB at room
temperature was approximately 140 percent of the ASME Section 111
specified minimum yield strength (SMYS). The actual tensile strength at
room temperature for Pipe A8 was approximately 140 percent of the ASME
Section I1] specified minimum tensile strength (SMTS).

Figures 3.20 and 3.21 show engineering and true stress-strain curves,
respectively, for Pipe DP2-AB tensile specimens tested at 288 C (550 f)
at several different strain rates. Table 3.5 and Figure 3.22 summarize
the effect of strain rate on tensile properties.

The results for Pipe DP2-A8 differed slightly from those shown for
another austenitic stainless steel pipe, DP2-A23, discussed in this
section. In Pipe DP2-A8, ultimate tensile strength showed a slight
decrease, rather than a slight increase, and yield strength showed a
slight increase, rather than a significant increase, with increasing
strain rate. in both materials strain-rate effects on fracture
elongation were modest.

The ASME Section 111 yield strength (S ) and ultimate strength (s,)
values at 288 C (550 F) are also indicated in Figure 3.22. Notice that
the actual yield strength was above the ASME S value for all strain
rates investigated. The actual ultimate stren&ths were above the ASME
5, value at low strain rates, and at the higher strain rates the actual
ultimates were very close to the ASME 5, value. This result shows that
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the AB pipe had a higher strength than the A23 pipe, especially at room
temperature.

Pipe Number DP2-A8W [Submerged-Arc Weld in 406-mm (16-inch) diameter,
Schedule 100, Type 304 Stainless Steel Pipe. Figures 3.23 and 3.24 show
engineering stress-strain and true-stress-strain curves, respectively,
for submerged-arc weld metal (DPZ2-A8BW) in Type 304 austenitic stainiess
steel tested at 288 C (550 F) at several different strain rates. No
tensile test results are available at other temperatures for this
material. Table 3.6 and Figure 3.25 summarize the effect of strain rate
on tensile properties at 288 C (550 F).

The results for the weld metal are similar to those for the base metal
in this pipe. Both materials showed slightly lower ultimate tensile
strength, slightly higher yield strength, and 1ittle change in fracture
elongation with increasing strain rate.

In comparing the AB base metal tensile test results to the A8 weld metal
results, it was found that the weld metal yield strength values and
ultimate strength values at 288 C (550 F) exceeded those of the base
metal at all strain rates investigated.

3.2.3 C(Cast Stainless Steel Tensile Test Results

Pipe Number DP2-A40 [406-mm (16-inch) Diameter, 25.4 mm (1.0 in) Wall,
Artificially Aged CFBM Centrifugally Cast Stainless Steel Pipe].
Figures 3.26 and 3.27 show engineering stress-strain and true stress-
strain curves, respectively, for Pipe DP2-A40 tensile specimens tested
at 300 C (572 F). No Battelle tensile test results are available at
other temperatures for this material, but additional data have been
developed at Framatome, who donated this pipe to the NRC's Degraded
Piping Program (see data for Heat Y4331 in Reference 3.6). Table 3.7
and Figure 3.28 summarize the effect of strain rate on tensile
properties at 300 C (572 F).

The results shown in Figure 3.28 indicate that the artificially aged
cast stainless steel displayed significant increases in yield strength
and fracture elongation but little change in ultimate tensile strength
as the strain rate was increased.

Since there were no room temperature data developed at Battelle,
comparisons cannot be made to the ASME specified minimum strength
values.

The ASME Section II1 yield strength (S ) and ultimate strength (Su)
values for CFBM at 300 C (572 F) are ifidicated in Figure 3.28. Notice,
that the actual yield strength was a minimum of 150 percent of the ASME
5, value for all strain rates evaluated. The actual ultimate strengths
wire a minimum of 125 percent of the ASME 5, values at all strain rates
tested.
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Table 3.1. Tensile test results for specimens machined from Pipe
DP2-F30, Type A106 Grade B carbon steel.

Tensile axis was parallel with pipe axis;
Flat, pin-loaded specimens were used, except as noted

(a) Round-bar threaded-end specimens were fabricated and tested at MEA
(b) Round-bar, threaded-end specimen was used
(c) Flat specimens were used; reduction of area was not measured
(d) Specified minimum yield strength (SMYS) at room temperature
from ASME Section I1I
(e) Specified minimum tensile strength (SMTS) At room temperature
from ASME Section I1I
(f) Sy at 288 C (550 F) from ASME Section 111

3-9

0.2 Pct. Ultimate Elongation,

Test Offset Tensile Reduction percent in
Specimen. Temp., Strain 1 Yield Str., Strength, in Area, 25.4 mm
Ident. No. _E_ F Rate, s ° MpPa ks MPa ks percent (1.0 inch)
15-1080) 22 72 aa0® 314 456 520 75.4 62.2 38.6
p15-2002) 140300 ax10® 308 44.7 628 91.1 37.6 23.6
£30-122 149 300 8.7 373 54.1 521  75.6 (c) 20.8
£30-127 149 300  11.7 61 52.3 519  75.2 (c) 27.4
2015-318) 200 400 4x10"® 341 49.4 660  95.7 33.5 16.0
£30-123 232 850 7.6 204 42.6 481  69.8 (c) 22.8
£30-126 232 450  10.4 332 48.1 479  69.4 (c) 24.1
zp15-418) 288 550 ax107; 320 464 621 90.0 3.4 24.0
F30-5(y) 288550 3x10Ty 342 49.6 647  93.9 37.1 26.8
£30-6 288 550 3x1073 361 52.3 650 94.3 38.4 25.6
£30-102 288 550 4x1073  N.D. N.D. 654  G4.8 (c) 24.5
£30-104 288 550  4x10 204 42.6 599  86.9 (c) 26.0
£30-101 288 550 1.6 N.D. N.D. 562 Bl.5 (c) 21.1
F30-100 288 550 3.4 279 40.4 550  79.7 (c) 21.6
F30-106 288 550 9.1 N.D. N.D. 494 71.7 (c) 14.5
F30-105 288 550 9.8 N.D. N.D. 505  73.3 (c) 17.0
F30-103 288 550  10.5 N.D. N.D. 479  60.4 (c) 17.0
F30-107 288 550  11.6 356 51.7 479  69.5 (c) 17.0
7p15-5.(2) 343 650 ax10® 315 45.7 586  @5.0 81.5 35.2
£30-120 343 650 6.3 305 44.3 547  79.3 (c) 18.1
F30-128 343 650 9.7 368 53.3 546 79.2 (c) 16.7
SAI06 Gr. B 22 72 QS 241%2} 35.o§$; 41429; 60.0}93 . ;
SAID6 Gr. B 288 550 QS 187\ 271 414'9 6p.0'9 2






Table 3.3. Tensile properties of submerged-arc weld (DP2-F29W) in Pipe
DP2-F29 (ASTM A106 Grade B Carbon Steel) at 288 C (550 F)

0.2 Pct. ult. Elongation,
Spec. Offset(a) Tensile Pct. in
Ident. Strain,1 Yield Str.'"",  Strength, 25.4 mm
No. Rate, s~ EEE ksi MPa  ksi (1.0 inch)
F294-107  2x10™% 356  51.7 556 80.7 20.4
F29W-101 1 368 53.4 487 70.6 14.8
F29W-104 1 396 57.4 435 71.8 14.5
F29W-103 10 347 50.3 446 64.7 21.8
F29W-106 10 345 50.0 454 65.8 21.9

(a) Approximate values only, due to uncertainties in
stress-strain curves at small strains.
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Table 3.4. Tensile test results for specimens machined from Pipe DP2-A23,
Type 304 stainless steel.

(Tensile axis was parallel with pipe axis)

0.2 Pct. Ultimate Elongation,
Offset Tensile Pct. in Reduction

Specimen Temp. Strain,1 Yield Str., Strength, 25.4 mm in Area,
Ident. No. T F Rate, s°° T WPa ksi  "MPa ksi (1.0 inch) percent
- @ 21 g9 eao? 28 3.9 ;1 .2 92.8 64.0
zp17-1504%) 26 78 ax10 250 36.2 607 88.1 102.6 83.2
zp17-17L§:; 149 300 4x10’§ 170 24.6 466  67.6 72.8 79.3
2p17-11L'%) 149 300  ax10 182 26.4 467 67.8 36.6 64.0
A23-1 288 550 3.7x107y 134 19.4 451 5.4 53.5 73.4
A23-2 .. 288 550 3.7x107y 128 18.6 447  64.8 53.5 74.5
ZP17-16L3) 288 550 3.7x107; 147 21.3 448  65.0 51.0 62.6
217134, ) 288 550 8.1x107 145, 2111 483 5.7 57.0 75.0
£23-105 288 550 5.5x10°% w.0.'¢) “ND. 400 58.0 6.0 N.D.
A23-101Eg; 288 550 1.1 N.D. N.D. 413  59.9 47.0 N.D.
£23-104 288 550 0.9 N.D.  N.D. 421  61.0 46.0 N.D.
Az3-102§g; 288 550  10.0 N.D. N.D. 413 59.9 52.0 N.D.
#23-10370) 288 550 8.9 N.D.  N.D. 423 61.3 a7.5 N.D.
A23-108 288 550 9.0 N.D. N.D. 396 57.4 47.0 N.D.
SA376 TP304 22 72 Qs 207 2; 3o.o§$ 5172'; 75.0{‘} . .
SA376 TP304 288 550 QS 130'7) 15.8(7) 338(9) g375(0 . ’

Specimen was fabricaled and tested at Materials Engineering Associates
Flat, pin-loaded specimen; all others were round-bar, threaded end
specimens
N.D. = Not determined
Specified minimum yield strength (SMYS) at room temperature
from ASME Section 11]
(e) Specified minimum tensile strength (SMTS) at room temperature
from ASME Section 111
(f) S_at 288 C (550 F) from ASME Section 111
(g) Y at 288 C (550 F) from ASME Section 111

{a
(b

(c
(d



Table 3.5. Tensile properties of Pipe DP2-AB (ASTM A358, Type 304

Stainless Steel)

0.2 Pct. uit. Elongation,
Spec. Offset Tensile Pct. in
Ident. Temp. Strain . Yield Str., Strength, 25.4 mm
No. C F Rate, s~ “MPa kst MPa ksi (1.0 inch)
re-g(d 22 72 a0 28 416 698 101.2 79.4
3s(P) 22 72 axi0 295 428 743 107.8 75.9
-36 22 72 4x107% 303 43.9 736  106.7 74.3
o) w9300 ax0 225 2.6 w1 69.8 43.5
38 189 300 3x10™% 202 29.3 476  69.1 54.8
105, 288550  5x10, 200(2) 29.0 w 63 5.7
-39 288 550 3x107) 180  26.1 461 6. .
a0® g 550 ax10? 171 248 456 6.2 47.0
AB-100 288 550 1 Ny WD 830 628 47.0
A8-101 288 550 1 20008 29007 420 60.9 47.1
A8-102 300 572 1 190@ 2705 a3 61.3 46.5
A8-103 288 550 10 20002 29.0 429 622 49.8
A8-104 288 550 10 19a'®) 2801 423 6.4 50.8
(c) (c) (d) (d)
sa3se P304 22 72 Qs 2075) 30.0(8) si7{{) 75.0(f)
sa358 Tp304 288 550 o5  130'%) 18.8(®) 438! 635

(a) Approximate value only, due to uncertainties in stress-strain
curves at small strains.

(b) Round-bar, threaded-ends specimen; all others were flat,
pin-loaded specimens.

(¢) Specified minimum yield strength (SMYS) at room temperature
from ASME Section 111

(d) Specified minimum tensile strength (SMTS) at room temperature
from ASME Section 111

(e) S at 288 C (550 F) from ASME Section III

(f) s¥ at 288 C (550 F) from ASME Section I1I
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Table 3.6.

0.2 Pct.

Spec. Offset
Ident. Strain_,  Yield Str.,
No. Rate, s 523 ksi
ABN-106 2.0x10°% 258 37.4
ABW-105 0.8 283 41.0
ABH’IOl(a) 1.0 288 44.8
ABW-102 1.1 270 39.1
ABW-103 8.0 308 44.6
ABW-104 13.7 266 38B.6

{a) Tested at 300 C (572 F)

Tensile properties of SA weld (DP2-ABW) in Pipe DP2-A8
(ASTM A358, Type 304 Stainless Steel) at 288 C (550F)

ult. Elongation,
Tensile Pct.

Strength, 20.3 mm
MPa  ksi (0.8 inch)
469 68.0 26.4
430 62.3 19.4
443  64.2 23.3
436 63.2 30.1
442 64.1 22.8
444 64.4 24.5

Table 3.7. Tensile properties of Pipe DP2-A40 (aged CF8M cast
stainless steel) at 300 C (572F)
0.2 Pct.
Offset
Specimen Strain Yield Str.,
Ident. No. Rate, s~ MPa ksi
20-106(2)  1.6x107% 20 29.2
A40-104 1.0 228 33.1
A40-101 1.2 234 34.0
A40-105 6.8 259 37.6
A40-102 7.6 252 36.6
£40-103 8.1 232 33.7
SA351 (CFEM) Qs 136(0)  1g.4(®)

ga; Te
b) S
(c) S{

sted at 288 C (550 F)
2t 300 C (572 F) from ASME Section 111

Ultimate Elongation,

Tensile Pct. in

Strength, 25.4 mm
“WPa ksi (1.0 inch)
578 83.9 20.2
563 81.6 28.3
578 83.8 25.4
571 B2.8 24.7
581 84.3 26.9
574 83.3 33.1
a62(®)  67.0() s

at 300 C (572 F) from ASME Section 111



Specimen Design: Flat, pin-loaded specimen

e

Q

) - O
oI
F-zns“.‘H ok 3.2 mm

Specimen Orientation: Longitudinal
Test Temperature: 288 C (550 F), except for DP2-A40, 300 C (572 F)
Strain Rates: 2 x 10-4, 1, and 10 s-1
Results obtained: s Stress-strain curves
B Tables of stress-strain data
- Yield strength, tensile strength
and fracture elongation

Figure 3.1 Flat specimen used for dynamic tensile tests,
1-T1.0-11/89-F3.1
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Specimen Located in Oven; Tested in MTS Machine

Lamp Transiucent Screen

Figure 3.2 Schematic illustration of optical displacement sensors used in dynamic tensile tests.

[-71.0-11/89-F3.2



:Feb 28,89
:@9:07:23

HE§ e : :

4.
1
-
+
1
1
1
: o

1.8V :Sns

N . : BSBmU :Sms
luuné Lead i

.-,._-.---.!‘.....

P B.58U S5ms

+f216/1

(a) Indicated quantities versus time

| o DATE :Feb 28789
e et as TINE :89:12:56

TR2A: 1.830 o, 8.54

= sessdoovs

.

'

.

H

.

'

4
H '
' H
- o — 0<4¢-‘-'
i i

'

.

b

,-—f?~--§-—\.. . DP2-A40-103 300'C

| : ¢ i : : :
| i b i Lead vs Displecement
I : 4 S R

: ¢ 1

: & ' 1 Py
! I LN ' t Y5
Fiiautnis & " dae A E deama B £l i . |
: - : : iy 44 #
Is E : ‘ : P ¢ 4 3l
SEBNNS § SEIE BRI S S S Muns Sest v Ben ]

: ! TN B (s mons ot

o1 — + 3 e
--------- - —- —— T_,J

(b) Load versus displacement

Figure 3.3 Example of dynamic tensile test data; Pipe DP2-A40 (Aged
A351 Type CF8M Cast Staig]fss Steel) tested at 300 C (572 F)
at a strain rate of 8.1 ’

1-T1.0-11/89-F3.3

(L]
i

o

T~



Temperature, F

100 200 300 400 500 600
o I T T T e
Qucss-stmic,"-§‘\\
”- ~
/l 0N, %
—_ /7 Utimate Tersie @ Ny
i Strength -t
\ ,~| <
~ 3 80
- T o
~
~ s )
£ 500}~ _\,\_9__,.%“ —{70 &
= ~0s N
s £
&
g SMTS ot RT (ASME Section III) -~ 60 g
& 400
§ Yeeld Strength s 0
—50
® ®
%
300 — . ® o) @ 8
+ —440

[——SMYS at RT (ASME Sec*on II)

)
®4x0 1 4x07¢
o 4 16 to 34
o) 6310117
o ] | | | ] |
0 50 00 150 200 250 300 350
Temperature, C

Figure 3.4 Effect of strain rate and test temperature on tensile
properties of Pipe DP2-F30 (A106 Grade B carbon steel).
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Figure 3.5 Engineering stress-strain curves at 288 C (550 F) for Pipe DP2-F30 (A106 Grade B

carbon steel) tested at several different strain rates.
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Figure 3.6 True stress-strain curves at 288 C (550 F) for Pipe DP2-F30 (A106 Grade B carbon

steel) tested at several different strain rates.

[-T1.0-11/89-F3.6



L)
———————

T ———————

"
1T )

Sechion I

ffset Yeld trengtt




1Sy ‘Yibuaag

O
s

1
i

o WL

v

il
add

e tion

C

. juadiad
D4W ‘Wibuass

‘Uo1DDUOY




7 100000

80000

:
|
I‘_l
“I‘ 6000¢
|
|

*j 40000

|
|

20000




strain
Rate, g~*

-
.

p_
-
o O

2 X

o O »» o X

- -




pDP2-F29 190
600 —{90
Ultmate Tensile Strength
—{80
500
—~170
<
£ aoof—Sy 0! 288 C (ASME Section ) = - §
g~ | 4
& 450 &
300}
—4 40
02 % Oftset Yield Strength ey
nl s g
200} —1%
"'———S, at 288 C (ASME Section 1)
—{20
100 | 1 | | |
. 30— ———
g e £ longation 0O
a 20 8 __(-3
5
8 10}
g
W, | | | | i
0° N 0 0? 0" 0 o o2

Figure 3.11
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Tensile properties at 288 C (550 F) versus strain rate for Pipe DP2-F29 (A106

Grade B carbon steel pipe).
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Figure 3.12 Engineering stress-strain curves at 288 C (550 F) for a submerged-arc weld
(DP2-F29W) in an A106 Grade B carbon steel pipe, tested at severa! different
strain rates.
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Figure 3.13 True stress-true strain curves at 288 C (550 F)

for a submerged-arc weld (DP2-F29W) in an Al06

Grade B carbon steel, tested at
different strain rates.
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Figure 3.16 Engineering stress-strain curves at 288 C (550 F) for Pipe DP2-A23 (A376 Type 304
stainless steel) tested at several different strain rates,
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Figure 3.19 Tensile properties versus temperature for Pipe DP2-A8
(A358 Type 304 stainless steel).
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Figure 3.20 Engineering stress-strain curves at 288 C (550 F) for Pipe DP2-A8 (A358 Type 304

stainless steel) tested at several differe

nt strain rates.
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Figure 3.21 True stress-strain curves at 288 C (550 F) for Pipe DP2-AB (A358 Type 304 stainless

steel) tested at several different strain rates.
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Figure 3.22 Tensile properties at 288 ( (550 F) versus strain rate for Pipe DP2-A8 (A358 Type
304 stainless steel).
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Figure 3.23 Engineering stress-strain curves at 288 C (550 F) for a submerged-arc weld (DP2-ABEW)
in Type 304 stainless steel, tested at several different strain rates.
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Figure 3.24 True stress-strain curves at 288 C (550 ¥) for a
submerged-arc weld (DP2-ABW) in a Type 304 stainless
steel pipe, tested at several different strain rates,
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Figure 3.27 True stress-strain curves at 300 € (572 F) for Pipe
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4.0 J-R CURVE TESTS

4.1 Experimental Procedures

4.1.1 Fabrication and Testing of Compact Specimens

A1l fracture toughness specimens were of the compact (tension), C(T),
design. They were machined from sections of pipe without mechanical
flattening and were in the L-C orientation, i.e., loads were applied in
the direction of the pipe axis and the crack growth direction was
circumferential.

The C(T) specimens were of two different sizes--0.5T and 17. The 1T
specimens were only about 80 percent of the standard thickness of

25.4 mm (1 inch) because of pipe curvature. The smaller specimens were
machined from the 152 mm (6 inch) diameter pipes and the larger
specimens from the 406 mm (16 inch) diameter pipes.

The specimens were fatigue precracked according to the specifications in
ASTM E1152-87, Standard Test Method for Determining J-R Curves, to
produce an initial crack length of 0.52w to 0.57w, where w is specimen
width. Except for a few nonside-grooved specimens that were fabricated
and tested as part of the Degraded Piping Program, each specimen tested
in this program was side grooved to a depth of 0.1B on each side after
precracking, where B is thickness.

Both guasi-static and dynamic tests were conducted at 288 C (550 F) or,
in the case of Pipe DP2-A40, at 300 C (572 F). Some of the quasi-static
testing was done at Materials Engineering Associates (MEA) and at
Battelle as part of the Degraded Piping Program.

Quasi-static tests conducted at MEA as part of the Degraded Piping
Program employed the unloading compliance method to estimate crack
extension at regular intervals during the test. From the measured loads
and load-line displacements and the calculated crack lengths, values of
J were calculated for each unloading point. The methods employed by MEA
to obtain J at crack initiation (Ji? were identical to those described
in ASTM EB13-81, Standard Method for J;., a Measure of Fracture
Toughness, except that the j-aa graphs Submitted by MEA to Battelle
employed Modified-J (JM) values (Ref. 4.1) rather than Deformation-J
(Jn) values. For use in this report, MEA's data were reanalyzed at
Battelle in the manner described in ASTM E1152-87 to provide
Deformation-J (symbolized in this case simply as J) values. These
values of J were used in constructing J-resistance curves for the MEA
tests.

Quasi-static and dynamic tests conducted at Battelle employed the
direct-current electric potential (d-c EP) method to monitor crack
initiation and growth. That procedure was selected for several reasons.
First, it is a single-specimen method, i.e., it permits determination of
a complete J-R curve in each specimen tested, thus making it more
economical to perform than the muitiple-specimen method. Although the
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Testing System servohydrauiic machine that had a capacity of 22 kN
(5,000 1b), whereas the 17 specimens were tested in an Instron
servohydraulic machine that had & capacity of 220 kN (50,000 1b). In
both cases, data recorded during a test included load, ram displacement,
load-line displacement, and direct-cur ‘ent electric potential. For the
0.5T specimens, these data were recorded using a Gould Model 4074
digital oscilloscope, whereas for the 17 specimen, data were recorded
using a Masscomp Model MC 500 computer. Examples of data obtained on
the Gould oscilloscope and on the Masscomp computer are shown in Figures
4.2 and 4.3, respectively.

4.1.2 Calculation of J at Crack Initiation and
the J-Resistance Curve

an example of the type of data obtained in each test of a C{T) specimen
is shown schematically in Figure 4.4a. Curves of load versus load-line
displacement (P-V,,) and d-c electric potential versus load-line
displacement (U-VLL) provide all the information needed to determine J
at crack initiation, referred to as J; in this report, and a complete J-
resistance curve.

The procedure followed at Battelle in analyzing the C(T) results in the
IPIRG program was as follows. First, the point of crack initiation was
estimated from the point of departure from linearity of the U-V,, curve,
based on work described in References 4.7, 4.8, and 4.9. In some cases,
selectn of that point was nct as obvious as in Fig. 4.4a. In those
cases, s graph of load versus electric potential (P-U) was alwo examined
for evidence of a slope change that wight be indicative of crack
initiation. When necessary, engineering judgment was employed in final
selection of the crack-initiation point, making certain that it lay
somewhat beyond the linear-elastic part of the P-V,, curve and before
the maximum-lioad point.

Once a decision was made on the crack initiation point, the value of U
at that point was called U,. Approximately 30 to 50 data sets (P, Vi,
and U) were then selected from the continuous test records of the typeé
shown in Fig. 4.4a. Some of these data sets were from the part of the
test prior to crack initiation and some were from the growing crack part
of the test. Because the crack had not actually grown prior to the
iniviation point, the increase in U during the early part of the test
(due to plastic strain near the crack tip? was misleading in that it
implied that the crack was growing. For that reason, U was assigned a
constant value of U prior to initiation. Beyond the crack initiation
point, new values o? crack length were calculated from the ratio U/U,,
using the Johnson equation (Ref. 4.5):

h /2
a = (2w/%) cos-1 sl e (4.1)

cosh {(U/U,) cosh’l[cosh(vylZw)/cos(tao/Zu)}}
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where a is crack length, a, is original crack length, w is specimen
width, and 2y is the spacing of the potential probes (see Fig. 4.1).
Battelle has modified £q. 4.1 to permit 2y to increase in proportion to
Vi during a test because experience has shown that this modification
provides a more accurate estimate of the actual crack extension {Ref,
4.3 and 4.4). As has been shown by Schwalbe and Hellmann (Ref. 4.5).
Equation 4.1 has several desirable features--it can be used on all
compact specimens, regardless of materials or dimensions, it is
independent of test temperature, and it is independent of current
magnitude (assuming, of course, that the current remains constant
throughout a test).

Once the crack length values were available from the calculations that
employed Equation 4.1, J values were calculated from each data set to
obtain a curve of J versus crack extension. The procedures used to
calculate J were those specified in ASTM E1152-87, Standard Test Method
for Determining J-R Curves.

J was separated into elastic and plastic components, as indicated in
Egs. 4.2, 4.3, and 4.4, below:

J = Jee + Jw' (4'2)
Jop = Kepll1-2)/E (4.3)

Ipe(i) = Dpgi-1) * 75 (Ape(i)-Ror(i-1))/0iByI [1-9;(2;5-2; 1) /b5]  (4.9)

where K is the stress-intensity parameter, » is Poisson's ratio, [ is
Young's modulus of elasticity, a is crack length, b is Tigament length,
By is net thickness at the side grooves, A is area under the load-
displacement curve, g = 2 + 0.522 b/w, 7=1+0.76 b/w, and the
subscripts i and i-1 relate to consecutive test record increments. The
results of the J calculations were presented graphically, as is
illustrated schematically in Fig. 4.4b. J; denotes the value of J at
crack initiation.

The curve shown schematically in Fig. 4.4b differs in form from J-R
curves in ASTM E1152-87 and ASTM EB13-87 (a revised version of E813-81),
as well as in a 1987 draft standard {EGF-P1-87D) prepared by the
European Group on Fracture. Each of those includes a so-called blunting
line, illustrated schematically in Fig. 4.5.* The points that lie along
the biunting line represent apparent, rather than real, crack extension.

In each of the procedures that employ a blunting line as the early
portion of the J-R curve, the blunting line is used in estimating the
point of crack initiation. For example, in ASTM EB13-87, the value of J
at crack initiation, J ¢ 15 defined as the intersection of the 0.2 mm
offset line (parallel {o the blunting line) and a power-law regression

- Methods for calculating the blunting line differ between ASTM and
EGF but both are based on tensile flow properties.
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line calculated from data between the 0.15 mm and 1.5 mm exclusion lines
(see Fig. 4.5).

The EGF draft standard on the other hand, offers several methods to
select a crack-initiation point. One method, which yields a value
termed J., defines initiation as the intersection of the blunting line
and an offset power law regression line calculated for data between the
exclusion lines.* A second method, which yields a value termed JO 2/8BL
defines initiation in the same way as ASTM EBI3-87 except that it ~
specifies an offset power-law regression line rather than simply a power
law. Clearly, the value termed J; is less than the value of J measured
at an offset of 0.2 mm. It represents an attempt to define the crack
initiation point as accurately as possible, whereas the offset method
attempts to provide an engineering cefinition of crack initiation in the
same way as the 0.2 percent offset yield strength defines the onset of
plastic deformation in an engineering sense.

The method used at Battelle to define the point of crack initiation,
based on d-c EP as described previously, thus differs from both the ASTM
standard method and the EGF draft standard method. However, J; values
as determined in the Battelle tests are believed to be very similar to
J; values as determined by the EGF guidelines, i.e., they represent
estimates of the J value at the actual onset of crack extension.
Furthermore, to obtain J values at crack initiation in the Battelle
method that would be virtually identical to those defined by ASTM E813-
87 or by the EGF Jy 5, value, it would be necessary only to draw a
line parallel to tgé 5-axis in Fig. 4.4b and offset by 0.2 mm. The
intersection of that line with the J-R curve would provide that
comparable value of J.

4.2 Experimental Results

Summary graphs and tables of J-R curve tests are presented in this
section. Tabulated data for individual C(T) specimens were developed
for analysis of full-scale pipe experiments, anj may be put in the NRC
PIFRAC database in the future (Ref. 4.10}.

Actual rates of loading in C(T) tests, expressed as dJ/dt up to the
point of crack initiation, are summarized in Table 4.1. Loading rates
in rapid loading tests were about 2500 to 6000 times faster and averaged
approximately 4,000 times faster than those in quasi-static tests.

J; in the EGF draft standard may also be determined on the basis of
siretch-zone width measurements in a scanning electron microscope
examination of the fracture surface.
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4.2.1 Carbon Steels J-R Curve Results

Pipe Number DP2-F30 [152 mm (6 inch), Schedule 120, A106 Grade B Carbon
Steel Pipe]. It should be noted at the outset of this section that
several differences were observed | etween the quasi-static tests
conducted at MEA and the guasi-static tests conducted at Battelle on
specimens from Pipe DP2-F30. In the MEA tests, which employed the
unloading compliance method to monitor crack extension, maximum loads
tended to be significantly lower than in the Battelle tests, which
employed the d-c EP method, even after allowing for the different
thicknesses and crack lengths.* Furthermore, specimens tested at MEa
exhibited only stable tearing, whereas those tested at Battelle showed
distinct crack instabilities.

A graph of J versus crack extension for the two side-grooved specimens
tested at MEA is shown in Figure 4.6. A blunting line was constructed
through the data points near the origin (the solid line in Figure 4.6)
and exclusion lines were drawn parallel with the blunting line (the two
dashed lines in Figure 4.6). A straight line was fitted to the data
points between the exclusion lines and extrapolated back to the blunting
line. The slope of that straight line gave the value of dJ/da and the
intersection of that line with the blunting Tine gave the value of J, .**
Table 4.2 provides a summary of J; and d)/da values obtained from the
MEA tests.

As was noted above, the quasi-static C(T) tests conducted at Battelle
exhibited crack instabilities interspersed with periods of stable
tearing. Similar behavior was observed in the dynamic tests. Examples
of data obtained in dynamic tests at 288 C (550 F) are given in Figures
4.2, 4.7, and 4.8 for Specimen F30-109. Figure 4.2 shows load, load-
line displiacement (VL ), ram displacement, and direct-current electric
potential (U) as func&ions of time. A graph of load versus V,, is shown
in Figure 4.7, and of U versus V,; in Figure 4.8. Examination of the
three graphs indicates that crac& initiation probably occurred at the
point indicated by a small load drop in Figures 4.2 and 4.7. That point
is shown also on the U versus V,, curve in Figure 4.8 and represents the
earliest point on that curve tha& could be considered as a departure
from linearity, usually taken as evidence of the onset of crack
extension. Notice from Figure 4.2 that the time to achieve crack
initiation was approximately 0.24 secends, a time that was reasonably
close to the desired time of 0.2 seconds.

. For the Battelle and MEA specimens, respectively, thicknesses were
12.7 mm {0.5 in) and 9.1 mm (0.36 in) and crack lengths were
approximately 0.56w and 0.53w.

**  The method used to determine J; for the MEA tests was that
specified in ASTM E813-81, which was the recommended practice at
the time of the Degraded Piping Program.
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It appears from the data in Figures 4.2, 4.7, and 4.8 that the crack
exhibited several periods of rapid, unstable growth--a short period
right after maximum load and a longer period shortly thereafter. The
strongest evidence for this assumption is the appearance of the
electrical noise on the V, signal in Figures 4.7 and 4.8; only a few
cycles of noise are evident during much of the falling-load (Figure 4.7)
and rising-electric-potential (Figure 4.8) part of the test, indicating
that the crack was growing at an unusually high rate. The velocity of
the ductile crack during the large apparent instability was estimated
from the data in the figures to be approximately 200 mm/s (8 in/s). The
velocity of the ductile crack during the period of stable growth
immediately following the instability was estimated to be approximately
55 mm/s (2 in/s).

The quasi-static C(T) tests conducted at Battelle at 288 C (550 F)
likewise showed distinct crack instabilities. Figure 4.9 shows that
these instabilities occurred for both monotonic-displacement tests and
tests that employed periodic partial unloadings, similar to those used
in MEA tests. Such instabilities were not observed in the quasi-static
tests conducted at MEA, for reasons that are not clearly evident at this
time. There is some thought that the use of clip-gage control in the
tests at MEA was better able to suppress cracking instability than was
crosshead control used in the Battelle tests. Also, the fact that the
MEA specimens were much thinner than the Battelle specimens may have
played a role in the differences in behavior. In any event, inasmuch as
all the Battelle tests, both quasi-static and dynamic, exhibited
significant crack instabilities, graphs of J versus crack extension for
the Battelle tests were terminated at the point in the test at which the
first major crack instability started because there is no agreed upon
method for calculating a J-R curve during the unstable crack growth.

Figure 4.10 is a graph of load-displacement data for four quasi-static
tests and four dynamic tests conducted at Battelle on 0.5T compact
specimens at 288 C (550 F). It does not include data for periodic
unloadings or crack instabilities. Figure 4.11 shows the corresponding
J-R curves for these eight specimens up to the point of the first major
crack instability. Values of J; and dJ/da are summarized in Table 4.3.

Several observations from Figures 4.10 and 4.11 and Table 4.3 are
noteworthy:

(1) 1In specimens that were subjected to monotonically increasing
displacement, the guasi-static and dynamic load-displacement
curves (Figure 4.10) were nearly identical. The main
exception to that observation is that the quasi-static tests
produced slightly higher maximum loads than did the dynamic
tests. The chserved similarity between guasi-static and
dynamic tests seen in Figure 4.10 differs from the behavior
displaved by other ferritic steels tested in the IPIRG
program. In a larger diameter Al06B pipe (DP2-F29), the load-
displacement curve for a dynamic test was significantly lower
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. Crack instabilities observed in guasi-static tests at Battelle
were also observed in the dynamic tests. (No crack
instabilities were observed in the guasi-static tests at MEA.)

. J-R curves for both guasi-static and dynamic tests tended to
lie below J-R curves used in ASME IWB-3650 ferritic-pipe flaw
evaluations.

Pipe Number DP2-F29 [406 mm (16 inch) Diameter, Schedule 100, Al06 Grade
B Carbon Steel Pipe]. Load-displacement curves for C(T) specimens
machined from Pipe DP2-F29 are shown in Figure 4.13. They reveal that
the effect of dynamic loading was markedly different for this large
diameter Al06 Grade B pipe than for the smaller diameter pipe (DP2-F30)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>