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ABSTRACT

Material characterization tests were conducted on laboratory specimens )
machined from pipes to detennine 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 i

stainless steels (both base metal and weld metal), which were to be
,

subjected to full-scale pipe tests in IPIRG Task 1.0.

For the stainless steels tested at 288 C (550 F), no pronounced hannful
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 r) 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 iwould have been expected by the trends observed in the laboratory tests. '

!
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NOMENCLATURE

1. SYMBOLS |

A Area under the load-displacement curve in compact
specimen tests

Crack length measured from original load line ina
compact specimens ;

a Original crack lengtho

b Uncracked ligament length (w-a)
r

B Net thickness of side grooved compact specimen j
N

t

dJ/da Slope of J versus aa 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) ;

!

dJ/dt Average rate at which J rose from zero to Jj in t

compact specimen tests ;
,

E Young's modulus of elasticity |

| i,i-1 Subscripts used to represent consecutive test record |

| increments in calculating a J-resistance curve ;
i

| J J-integral fracture parameter j
!

J Deformation J-integral |D
:

J Elastic component of J-integral |eg
?

Jj J-integral at crack initiation but not necessarily a i

valid J by ASTM E813Ic

J Modified J-integralg

J Plastic component of J-integralpg

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

J .2/BL Value of J-integral at 0.2 mm offset from a calculated
0 blunting line, as specified in a 1987 draft Standard

(EGF-P1-87D) prepared by the European Group on
Fracture

K Applied stress intensity parameter

P Load in a tensile or compact specimen test i

|

xvii
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NOMENCLATURE (Continued)
i

S, ASME design stress

S ASME Section III ultimate tensile strengthu
-t

S ASME Section III yield strengthy
: U Direct-current electric potential

U Value assigned to U at the onset of crack growth
{

g

V Displacement measured at the original load line in att
compact specimen test

Width of compact specimen
{

w

!y Half spacing of potential probes on compact specimens |

when using d-c EP method to measure crack extension
;

7 Factor used in calculating J-integral, equal to I + ;
i

0.76 b/w

aa Crack extension (a-a )g

c Strain
j!

!
& Strain rate '

!
; 9 Factor used in calculating J-integral, equal to 2 +

|t 0.522 b/w
!

F Poisson's ratio I
'

;

of Flow strength, equal to the average of yield strength '

and ultimate tensile strength
!

!

!

'
,

i

!

!

i
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2. ACRONYMS AND INITIALISMS

ASME American Society of Mechanical Engineers
;

ASTM American Society for Testing and Materials
!
! C(T) Compact (tension) specimen, often called simply

compact specimen :

d-c EP Direct-current electric potential

DSA Dynamic strain aging

Dyn Dynamic
,

EGF European Group on Fracture

GTAW Gas tungsten arc weld

IPIRG International Piping Integrity Research Group

L-C Orientation code that indicates crack plane is normal
to longitudinal axis (L) and crack direction is
circumferential (C) '

LLD Load line displacement
|

| MEA Materials Engineering Associates

| NRC Nuclear Regulatory Commission
1

|

QS Quasi-static

SAW Submerged-arc weld

SMAW Shielded-metal-arc weld

SMTS Specified minimum tensile strength in ASME Section III

SMYS Specified minimum yield strength in ASME Section III

|
,

|
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EXECUTIVE SUMMARY

i

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 I
behavior of nuclear piping containing flaws and subjected to dynamc !

'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 i

objective and directly addresses the second objective. It should also
be noted that some of the quasi-static material property and pipe
fracture experimental data referred to in this report were previously
developed in the U.S. Nuclear Regulatory Comission'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 A106 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 CF8M cast stainless steel pipe donated by Framatome.
The CF8M pipe was originally cast with 50.8 m (2 inch) wall thickness,
but was subsequently machined from the inside surface to produce a 25.4
m (1 inch) wall thickness for the companion quasi-static pipe test in
the Degraded Piping Program.

Material characterization tests included uniaxial tensile tests in the
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 (572 F). 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

1
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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 t

: 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). In one of those two

i steels, dynamic loading lowered the value of J at crack initiation (Jj) i

by 35 percent and the value of dJ/da by 45 percent. For reasons that
i

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(T) tests at 288 C |
(550 F), the fracture resistance of the weld metal, both J5 and dJ/da, :

were improved by approximately 50 percent over quasi-static test
results. ;

In addition to the loss of strength and fracture resistance in dynamic i
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 i
i

j showed crack jumps only in the quasi-static tests.
jIn 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 15 percent !
, of those in quasi-static tests, yield strength values were raised, andi

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.

;
i'

a i
j The results of these material characterization 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-
'

other hand, quasi-static strength and toughness data probably are j
adequate for pipe flaw analysis. These trends from the laboratorya

'

specimen data are generally in agreement with the quasi-static and
dynamic pipe tests in IPIRG Subtasks 1.1 and 1.2. There are, however,,

4 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

|

| 2
j

!
!
!
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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.

A 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.

!

l

\.
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1.0 INTRODUCTION AND BACKGROUND

The rate at which a metal is strained can have a strong influence on its
mechanical behavior. In ferritic steels, which undergo a transition in
fracture behavior from ductile to brittle as temperature is lowered
within a certain range, increasing the strain rate can adversely affect
performance by raising the transition temperature. However, in metals
and alloys that display ductile behavior, it is generally observed that
tensile strength is increased and fracture elongation is decreased by
increasing the strain rate. Often, the strength increase outweighs the
ductility decrease, thereby resulting in greater toughness at higher
strain rates.

In Task 1.0 of the IPIRG program, pipe fracture experiments were
conducted in which strain-rate effects were expected to play a role in
pipe behavior. Specifically, cracked pipes were tested under conditions
of simulated seismic / dynamic loading. Thus, it was important to both
the designers and analysts of the pipe experiments that laboratory-
specimen material characterization data be available for the Task 1.0
steels at appropriate rates of displacement. Data required included
tensile stress-strain curves at several strain rates and J-R curves at a
displacement rate that caused crack initiation in approximately the same
amount of time as in the dynamic pipe tests.

This report describes the experiments conducted to obtain the required
material characterization data and the results of those experiments.

1.1 Selection of Displacement Rates In Material Characterization Tests

Displacement rates in material characterization tests were selected to
provide data useful to the designers and analysts of Task 1.0 pipe
fracture experiments. The pipe fracture experiments emnloyed cyclic
loading at a frequency of nominally 3 Hz, with the expectation of crack
initiation after approximately 10 cycles. The material characterization
tests, on the other hand, employed monotonically increasing
displacement.

Threedifferentnominalstrainrajesyereemployedinuniaxjaltensiletests of Task 1.0 materials: 10- s- (quasi-static), 1 s , and
10 s . The two higher rates were selected to approximate the strain
rates existing near the crack tip in dynamic C(T) and pipe tests in Task
1.0.

In order to estimate an appropriate displacement rate for J-R curve
tests, finite element analyses were conducted for several pipe tests
that were to be conducted with cyclic loading in Task 1.0. A nonlinear
spring was used to simulate the cracked pipe section response (see
Section 3 in Reference 1.1). Using the cyclic forcing function that had
been selected for those tests, the finite element analyses calculated
moment-versus-time graphs for specific pipe tests. An example of such a
moment-time graph is shown in Figure 1.la for a test of a surface-

1-1
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cracked stainless steel pipe in Subtask 1.3. In Figure 1.lb, 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 quasi-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(T) tests were

i chosen to produce crack initiation in approximately 0.2 s.
i,
'

I

1.1 References

1.1 Wilson, M., Marschall, C., Olson, R., Schmidt, R., and Wilkowski,
G., " Stability of Cracked Pipe Under Inertial Stresses", Subtask
1.1 Final Report to IPIRG Members by Battelle, October, 1989. '
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Figure 1.1 Determination of equivalent time to crack initiation for stainless steel pipe with a
surface crack (Subtask 1.3).
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2.0 MATERIALS INVESTIGATED

Material characterization tests were conducted on seven materials,
including five base metal pipes and two girth-welded pipes. A
description of the seven materials is given in Table 2.1. Chemical
compositions of the pipes and welds are shown in Table 2.2.

Pipes F29, A23, and A8 were procured from cancelled nuclear power plants
in the United States as part of the NRC's Degraded Piping Program. Pipe
F30 was purchased from a U.S. pipe manufacturer within the NRC's
Degraded Piping Program. Pipe A40 was artificiall
and donated to the NRC's Degraded Piping Program (y aged by Framatomesee References 2.1 and
2.2). The Framatome identification was Heat Y4331 for the A40 pipe.

Quasi-static pipe fracture experiments were conducted on all these pipes
and welds within the NRC's Degraded Piping Program (Ref. 2.1). Pipes
F30 and A23 were 6-inch-diameter pipes used in IPIRG Subtask 1.1 and 1.2
pipe experiments. Pipes F29, A8, A40, F29W, and F8W are being used in
IPIRG Subtask 1.3 pipe system fracture experiments.

2.1 References

2.1 Wilkowski, G. M. and others, " Degraded Piping Program - Phase II",
Seventh Program Report, October 1987 - January 1989, by Battelle
Columbus Division, NUREG/CR-4082, Vol. 7, March, 1989.

2.2 Meyzaud, V., Ould, P., Balladon, P., Bethmont, M., and Soulat, P.,
" Tearing Resistance of Aged Cast Austenitic Stainless Steels",
presented at NUCSAFE 88, Avignon, France, October, 1988.
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Table 2.1. Description of Task 1.0 pipes subjected to material characterization tests

Pipe Ident. Pipt Dimensions, mm (in)
Number Material Type Schedule Diameter Wall Thickness
DP2-F30 ASTM A106, Grade B Carbon Steel 120 152 (6) 14.3 (0.562) j

{DP2-F29 ASTM A106, Grade B Carbon Steel 100 406 (16) 26.2 (1.031)
DP2-F29W Submerged-arc girth weld in ASTM A106, Grade B(a) 100 406 (16) 26.2 (1.031)
DP2-A23 ASTM A376, Type 304 Stainless Steel 120 152 (6) 14.3 (0.562)
DP2-A8 ASTM A358, Type 304 Stainless Steel 100 406 (16) 26.2 (1.03'1)
DP2-A8W Submerged-arc girth weld in ASTM A358, Type 304(b) 100 406 (16) 26.2 (1.031)

'

DP2-A40 AgedA35gTypeCF8MCentrifugallyCastStainless 406 (16) 25.4 (1.0)--

Steel4
(a) The ferritic steel girth weld was prepared by United McGill Corporation of Columbus, Ohio,

using procedures recommended by(0.38 in)-thick steel backing strip was used for theIt was a single-Vee weld having a
Babcock & Wilcox.

6.4 mm (0.25 in) gap; a 9.5 mm
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.

(b) The austenitic steel girth weld was prepared by United McGill Corporation of Columbus, Ohio,
using procedures recommended by General Electric Company. It was a single-Vee weld having a1.6mm(0.063in)landanda2.4mm(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).

(c) 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 I

service. The pipe had a ferrite content of about 20 percent.
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3.0 TENSILE TESTS
,

; i

) 3.1 Experimental Procedures j

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 of 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 (DP2-ASW), 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.

!-

O 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 ;,

1 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). HEA specimens had a
gage diameter of 5.1 mm (0.2 in), a reduced-section length of 25.4 mm j,

i (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 lb)-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 lind dynamic tests on the flat specimens, strain in the gage i

! section was monitored using a noncontacting optical strain-measuring
device (0ptron Model 511), shown schematically in Figure 3.2. The ;

,

specimen was back lit 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.,

i 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

3-1
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elongation was transferred outside the furnace by a rod-in-tube
arrangement and detected using a linear-variable differential
transformer. Data were recorded in two ways: (1) a curve of load
versus elongation was plotted autographically as the test proceeded, and
(2) load and elongation data were recorded on a Compaq 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.

l

3.2.1 Carbon Steel Tensile Test Results

Pipe Number DP2-F30, [152 mm (6 inch), Schedule 120, ASTM A106 Grade B
Carbon Steel Pipe]. During the course of the investigation of strain
rate effects, it became apparent that the carbon steels (Battelle Pipe L

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 iresults from the rapid diffusion of minute quantities of nitrogen and/or '

carbon dissolved in the steel. DSA can produce several unusual effects,
as described later. To investigate the susceptibility to DSA of the
carbon steels used in nuclear piping, one of the steels, DP2-F30, was
subjected to additional tensile testing beyond that used for the other
materials.

t

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 III specified minimum
yield strength, SMYS. The tensile strength at room temperature was
approximately 120 percent of the ASME Section III specified minimum

,

'

tensile strength, SMTS. 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 C (550 F) was greater than at room temperature, 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
hypothesizing interactions between moving dislocations in the steel (the
mechanism by which plastic defonnation 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, l

as well as the ductility, diminished significantly with increasing
strain rate but the yield strength was not strongly affected by strain
rate. 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 limiting rate. Experimental evidence to support this suggestion
has been reported by Manjoine (Ref. 3.3) for a mild steel tested betwe
0and650C(32and1200F)andatstrainratesrangingfrom8.5x10gn
to 300 s-3

i

!

Also noted in Figure 3.7 are the ASME Section III yield (S ) and
ultimate strength (S ) values at 288 C (550 F) for A106 Gr5de B pipe.u
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 III
value. Hence, overall this particular pipe had much higher strength
values than the ASME Section III 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 C (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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Figure 3.8 that the actual yield strength at room temperature was
approximately 115 percent of the ASME Section III specified minimum
yield strength, and the actual tensile strength was approximately 125
percent of the ASME Section III specified minimum tensile strength.
Notice also the similarity of the curves shown in Figure 3.8 for DP2-F29
to those shown in Figure 3.4 For DP2-F30. The elevation of the tensile
strength at the higher temperatures in quasi-static tests and the
lowering of the strength at 288 C (550 F) with increasing strain rate
are indicative of DSA.

Figures 3.9 and 3.10 show engineering stress-strain curves and true
stress-strain curves, respectively, for DP2-F29 tensile tests at 288 C
(550 F) and three different strain rates. For the two higher rates, the
curves in Figure 3.10 are tenninated at the maximum load point (onset ofnecking). As was also the case for DP2-F30, this steel exhibited
pronounced serrations on the stress-strain curves at the intermediatestrain rate.

Figure 3.11 shows the variation of strength and ductility with strain
rate for DP2-F29 tested at 288 C (550 F). As was noted earlier, the
ultimate strength dropped significantly with increasing strain rate.
However, the yield strength and ductility were relatively unaffected byincreased strain rate.

The ASME Section III yield strength (S ) and ultimate strength (5 )
valueat288C(550F)arealsoindica{edinFigure3.11. TheacEual
yield strength was approximately 120 percent of the ASME code value for
this pipe. The ultimate strength at quasi-static test rates was
approximately 145 percent of the ASME code value, but decreased to
approximately 105 percent of the ASME code value at a strain rate of10/second.

Pipe Number DP2-F29W [ Submerged Arc Weld in 406-mm (16-inch) diameter
Schedule 100 ASTM A106 Grade B Steel Pipe]. Steel DP2-F29W, a
submerged-arc girth weld in Pipe DP2-F29, was subjected to tensile tests
only at 288 (550 F) at three different strain rates. Tensile properties
are summarized in Table 3.3. Engineering stress-strain curves and true
stress-strain curves are presented in Figures 3.12 and 3.13,respectively. Each of the curves in Fi
maximum load point (onset of necking). gure 3.13 is terminated at theNote that in this material also
the most pronounced serrations occurred at the intermediate strain rate.

Figure 3.14 shows the tensile properties of the submerged-arc weld (DP2-
F29W) as a function of strain rate in tests conducted at 288 C (550 F).Notice the similarity of the behavior exhibited by the carbon steel
weld-metal to that exhibited by the two carbon-steel base metals in
Figures 3.7 and 3.11, in particular, the decreasing tensile strengthwith increasing strain rate. Thus, even though tensile tests on the
pipe weld metal were conducted only at 288 C (550 F), it appears that
the carbon-steel weld metal was displaying susceptibility to DSA in much
the same way as were the carbon-steel base metals.
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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 I
|
|

Each of the three austenitic stainless steel pipes investigated in IPIRG i

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 i

DP2-A8 (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 i

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 1
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 III

specified minimum yield strength (SMYS). The actual tensile strength at
room temperature for Pipe A23 was approximately 120 percent of the ASME
Section III 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 several different laboratories
at quasi-static rates showed good agreement in results. However, a
single flat specimen tested at 288 C (550 F) and a quasi-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
lower 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 III yield strength (S ) and ultimate strength (S )
valueat288C(550F)arealsoindicaledinFigure3.18. Notice thatu

the actual yield strengths were above the ASME S value for all strain
rates, but the actual ultimate strengths were beTow the ASME S values

ufor 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 Table 3.5
for all tensile tests, both quasi-static and dynamic, conducted on |
material from Pipe Number DP2-A8. Figure 3.19 shows the effect of test |
temperature on tensile properties. The results in Figure 3.19 are i
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

i

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. i

Notice in Figure 3.19 that the actual yield strength of Pipe A8 at room
temperature was approximately 140 percent of the ASME Section III
specified minimum yield strength (SMYS). The actual tensile strength at !

room temperature for Pipe A8 was approximately 140 percent of the ASME
Section III specified minimum tensile strength (SMTS).

Figures 3.20 and 3.21 show engineering and true stress-strain curves,
respectively, for Pipe DP2-A8 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 r

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 III yield strength (S ) and ultimate strength (S )
valuesat288C(550F)arealsoindic$tedinFigure3.22. Notice thatu

the actual yield strength was above the ASME Su value for all strain
rates investigated. The actual ultimate strenjths were above the ASME
S value at low strain rates, and at the higher strain rates the actual

.

!

uitimates were very close to the ASME S value. This result shows that '

u
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the A8 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 (DP2-A8W) in Type 304 austenitic stainless
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 ef fect 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 1

in this pipe. Both materials showed slightly lower ultimate tensile l
|strength, slightly higher yield strength, and little change in fracture

elongation with increasing strain rate.
i

In comparing the A8 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 Cast Stainless Steel Tensile Test Results

Pipe Number DP2-A40 [406-mm (16-inch) Diameter, 25.4 mm (1.0 in) Wall,
Artificially Aged CF8M 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 j
| Piping Program (see data for Heat Y4331 in Reference 3.6). Table 3.7 1
' 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 III yield strength (S ) and ultimate strength (S )
! values for CF8M at 300 C (572 F) are iXdicated in Figure 3.28. Notice,u

j 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

wEreaminimumof125percentoftheASMES values at all strain rates,

u
| tested.
!
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Table 3.1. Tensile test results for specimens machined from Pipe i

DP2-F30, Type A106 Grade B carbon steel.

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

4

0.2 Pct. Ultimate Elongation, l

Test Offset Tensile Reduction percent in |
Specimen. Temp., Strain Yield Str., Strength, in Area, 25.4 mm |

Ident. No. C F Rate, s MPa ksi MPa ksi percent (1.0 inch) |-I

ZP15-1L(a) 22 72 4 10-5 314 45.6 520 75.4 62.2 38.6 !

ZP15-2L(a) 149 300 4x10-5 308 44.7 628 91.1 37.6 23.6 l

F30-122 149 300 8.7 373 54.1 521 75.6 (c) 24.8
F30-127 149 300 11.7 361 52.3 519 75.2 -(c) 27.4

ZP15-3L(a) 204 400 4x10 341 49.4 660 95.-7 33.5 16.0-5

F30-123 232 450 7.6 294 42.6 481 69.8 (c) 22.8
| F30-126 232 450 10.4 332 48.1 479 69.4 (c) 24.1 ;

a)ZP15- 288 550 4x10-5 320 46.4 621 90.0 34.4 24.0
)

.

F30-5(b)
288 550 3x10-4 342 49.6 647 93.9 37.1 26.8

| F30-6 288 550 3x10-4 361 52.3 650 94.3 38.4 25.6

4x10-| N.D. N.D. 654 94.8 (c) 24.5| F30-102 288 550
'

F30-104 288 550 4x10- 294 42.6 599 86.9 (c) 26.0
i F30-101 288 550 1.6 N.D. N.D. 562 81.5 (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 69.4 (c) 17.0
F30-107 288 550 11.6 356 51.7 479 69.5 (c) 17.0

ZP15-5L(a) 343 650 4x10-5 315 45.7 586 85.0 41.5 35.2
F30-120 343 650 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

241((d)35.0fd)414 *) 60.0 *9)
I f) -| SA106 Gr. B 22 72 QS -

187 I) 27.1 I) 414I9) 60.0I - -SA106 Gr. B 288 550 QS
|

(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 III
(e) Specified minimum tensile strength (SMTS) at room temperature

from ASME Section III
(f) S at 288 C (550 F) from ASME Section IIIy
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Table 3.2. Tensile properties of Pipe OP2-F29 (ASTM A106 Grade B Carbon Steel)

0.2 Pct. Ult. Elongation,
Spec. Offset Tensile Pct. inIdent. Temp. Strain,I Yield Str., Strength, 25.4 mm
No. C F Rate, s- MPa ksi MPa ksi (1.0 inch)

F29-1((a) 22 72 2x10-4 277 40.2 524 76.0 29.6a) 22 72 2x10-4 276 40.0 513 74.4 29.6F29-2

F29-3(a) 149 300 2x10 4 252 36.6 610 88.5 18.1
4

F29-4(a) 149 300 2x10- 251 36.4 596 86.4 19.1

F29-5((a))
a 4288 550 2x10 4 241 34.9 618 89.7 24.0

F29-6 288 550 2x10- 234 33.9 601 87.2 24.0

235f))
IF29-101 288 550 1 34.1 503 72.9 19.6IF29-103 288 550 1 230 33.3 511 74.1 23.0

)F29-102 288 550 10 234 34.0 443 64.2 24.1I)F29-104 288 550 10 228 33.0 435 63.1 19.6

SA106 Gr. B 22 72 QS 241(c) 35.0(c) 414(d) 60.0(d)I I II) II)
-

SA106 Gr. B 288 550 QS 187 ') 27.1 ") 414
,

60.0

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

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

(c) Specified minimum yield strength (SMYS) at room temperature
from ASME Section III

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

(e) S at 288 C (550 F) from ASME Section III
(f) S at 288 C (550 F) from ASME Section III
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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 Tensile Pct. in
Ident. Strain,1 Yield Str.(3) Strength, 25.4 mm,

-

No. Rate, s MPa ksi MPa ksi (1.0 inch)

F29W-107 2x10-4 356 51.7 556 80.7 20.4
'

F29W-101 1 368 53.4 487 70.6 14.8
F29W-104 1 396 57.4 495 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.

!i

l

|

|

|

9

a
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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, j
Offset Tensile Pct. in Reduction '

Specimen Temp. Strain, Yield Str., Strength, 25.4 mm in Area, '

Ident. No. C F Rate, s' MPa ksi MPa ksi (1.0 inch) percent '

ZP17-1L(*Id)
) 21 69 4x10-5 248 35.9 601 87.2 92.8 64.0

26 78 4x10-5 250 36.2 607 88.1 102.6 83.2ZP17-15L

ZP17-17L(a) 149 300 4x10-5 170 24.6 466 67.6 72.8 79.3
ZP17-11L(a) 149 300 4x10-5 182 26.4 467 67.8 46.6 64.0 i

,

A23-1 288 550 3.7x10 134 19.4 451 65.4 53.5 73.44
+

A23-2
288 550 3.7x10 5 128 18.6 447 64.8 53.5 74.5 !

ZP17-16L (*a)288 550 3.7x10- 147 21.3 448 65.0 51.0 62.6 L) 4.1x10jZP17-13 288 550
N.D.{c)21.1

14 453 65.7 57.0 75.0
'

)A23-105 288 550 5.5x10- N.D. 400 58.0 46.0 N.D.
I

A23-101f))288 550 1.1 N.D. N.D. 413 59.9 47.0 N.D.IA23-104 288 550 0.9 N.D. N.D. 421 61.0 46.0 N.D.
!

A23-102(b) 288 550 10.0 N.D. N.D. 413 59.9 52.0 N.D.
A23-103 288 550 8.9 N.D. N.D. 423 61.3 47.5 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(d) 30.0(d)
517 *)) 63.575.0(*))- -

I
II) II) I9 I9

- -

SA376 TP304 288 550 05 130 18.8 438

(a) Specimen was fabricated and tested at Materials Engineering Associates,

; (b) Flat, pin-loaded specimen; all others were round-bar, threaded end
specimens

(c) N.D. = Not determined
(d) Specified minimum yield strength (SMYS) at room temperature

from ASME Section III
(e) Specified minimum tensile strength (SMTS) at room temperature

from ASME Section III
(f) S at 288 C (550 F) from ASME Section III
(g) S at 288 C (550 F) from ASME Section III
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Table 3.5. Tensile properties of Pipe OP2-A8 (ASTM A358, Type 304 !
Stainless Steel)

)
0.2 Pct. Ult. Elongation, '

Spec. Offset Tensile Pct. in i

Ident. Temp. Strain , Yield Str., Strength, 25.4 mm |
No. C F Rate, s ' MPa ksi MPa ksi (1.0 inch)

,

A8-48((b) 22 72 4x10-4 287 41.6 698 101.2 79.4
22 72 4x10-4 295 42.8 743 107.8 75.9 .|A8-35(b)b) -422 72 4x10 303 43.9 736 106.7 74.3A8-35

A8-37((D)149 300 4x10-4 225 32.6 481 69.8 43.5
b) 149 300 3x10-4 202 29.3 476 69.1 54.8A8-38 ,

A8-10{DI
288 550 5x10-4 200(a) 29.0 443 64.3 45.7

A8-39(b)
288 550 3x10-4 180 26.1 461 66.8 45.0 |

A8-40 288 550 4x10-4 171 24.8 456 66.2 47.0 {

N.g N.D. 430 62.4 47.0A8-100 288 550 1

200(a)) 29.0420 60.9 47.1A8-101 288 550 1

190 27.5 423 61.3 46.5A8-102 300 572 1

A8-103 288 550 10 200(a) 29.0 429 62.2 49.8
A8-104 288 550 10 194(a) 28.1 423 61.4 50.8

207((c) 30.0(c) 517((d) 75.0(d)
,SA358 TP304 22 72 QS I I) 63.5(I) -130 *) 18.8 *) 438SA358 TP304 288 550 QS|

(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.

(c) Specified minimum yield strength (SMYS) at room temperature
,

'from ASME Section III
i (d) Specified minimum tensile strength (SMTS) at room temperature
| from ASME Section III
| (e) S at 288 C (550 F) from ASME Section III
| (f) S at 288 C (550 F) from ASME Section III
|
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Table 3.6. Tensile properties of SA weld (0P2-A8W) in Pipe DP2-A8
(ASTM A358, Type 304 Stainless Steel) at 288 C (550F)

0.2 Pct. Ult. Elongation,
Spec. Offset Tensile Pct. in ,

Ident. Strain Yield Str., Strength, 20.3 mm-3No. Rate, s MPa ksi MPa ksi (0.8 inch)

A8W-106 2.0x10-4 258 37.4 469 68.0 26.4

A8W-105 0.9 283 41.0 430 62.3 19.4

A8W-101 ")
1.0 288 44.8 443 64.2 23.3

IA8W-102 1.1 270 39.1 436 63.2 30.1

A8W-103 8.0 308 44.6 442 64.1 22.8 .

!ABW-104 13.7 266 38.6 444 64.4 24.5

(a) Tested at 300 C (572 FT
i

Table 3.7. Tensile properties of Pipe DP2-A40 (aged CF8M cast
stainless steel) at 300 C (572F)

0.2 Pct. Ultimate Elongation,
Offset Tensile Pct. in

Specimen Strain Yield Str., Strength, 25.4 mm
-IIdent. No. Rate, s MPa ksi MPa ksi (1.0 inch)

A40-106(a) 1.6x10-4 201 29.2 578 83.9 20.2

A40-104 1.0 228 33.1 563 81.6 28.3
A40-101 1.2 234 34.0 578 83.8 25.4

i

A40-105 6.8 259 37.6 571 82.8 24.7
A40-102 7.6 252 36.6 581 84.3 26.9
A40-103 8.1 232 33.7 574 83.3 33.1j

SA351 (CF8M) QS 134(b) 39,4(b) 462(c) 67.0(c) _

(a) Tested at 288 C (550 F)
(b) S at 300 C (572 F) from ASME Section III
(c) S at 300 C (572 F) from ASME Section III
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Specimen Design: Flat, pin-loaded specimen
I

6.35 m ~ ~

o o

(-h-25.4d 4 h 3.2 m
.h -

'

m

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

y Results obtained: . Stress-strain curves
. Tables of stress-strain data

Yield strength, tensile strength.

and fracture elongation

Figure 3.1 Flat specimen used for dynamic tensile tests.
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Figure 3.2 Schematic illustration of optical displacement sensors used in dynamic tensile tests.
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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 DP?-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.
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Figure 3.7 Tensile properties at 288 C (550 F) versus' strain rate for Pipe OP2-F30 (A106
Grade B carbon steel).
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Figure 3.8 Tensile properties versus temperature for Pipe
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Figure 3.11 Tensile properties at 288 C (550 F) versus strain rate for Pipe DP2-F29 (A106
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Figure 3.12 Engineering stress-strain curves at 288 C (550 F) for a submerged-arc weld
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Grade B carbon steel, tested at several
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Figure 3.16 Engineering stress-strain curves at 288 C (550 F) for Pipe OP2-A23 (A376 Type 304
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Figure 3.17 True 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 3.20 Engineering stress-strain curves at 288 C (550 F) for Pipe DP2-A8 (A358 Type 304! stainless steel) tested at several different strain rates.
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4.0 J-R CURVE TESTS

4.1 Experimental Procedures
1

4.1.1 Fabrication and Testing of Compact Specimens '

All 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 IT. The IT
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.

1

The specimens were fatigue precracked according to the s~pecifications in ;

ASTM E1152-87, Standard Test Method for Detemining 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 quasi-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 i

I
| Battelle as part of the Degraded Piping Program.
l

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 (Jg) were identical to those described
in ASTM E813-81, Standard Method for Jgc, a Measure of Fracture
Toughness, except that the J-aa graphs submitted by MEA to Battelle
employed Modified-J (J ) values (Ref. 4.1) rather than Defomation-Jg
(J ) values. For use in this report, MEA's data were reanalyzed at

DBattelle in the manner described in ASTM E1152-87 to provide j
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.
l 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 perfom than the multiple-specimen method. Although the

4-1
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unloading-compliance method (Ref. 4.2) also is a single-specimen method,
the d-c EP method was preferred for this program because it does not
require periodic unloadings. Such unloadings are impractical for rapid
displacement-rate tests. As was discovered during the course of this
study, the periodic unloadings of the unloading-compliance method may
also have a significant effect on the load-displacement curve in 288 C
(550 F) tests on carbon-steel C(T) specimens.

Another reason for selecting the d-c EP method was the favorable
experience gained with that method in the Degraded Piping Program. In
that program, the d-c EP method provided reasonable estimates of the
point of crack initiation and, in most cases, good agreement between
calculated and actual crack extension, even for relatively large amounts
of crack growth (Refs. 4.3 and 4.4).

The d-c EP procedure adopted at Battelle was similar to one employed by
Schwalbe and Hellmann (Refs. 4.5 and 4.6) in which constant current
leads were attached to the top and bottom edges at w/2 from the load
line (Locations A and B in Fig. 4.1), and the potential was measured
across the notch mouth (Locations C and D in Figure 4.1). The load cell
in the testing machine was electrically isolated to prevent a current
path through the load train. The potential leads were iron wires in the
case of carbon-steel specimens and Type 304 stainless steel wires in the
case of stainless steel specimens, to minimize thennally induced
voltages that can arise when dissimilar metals are in contact. As can
be seen in the edge view in Figure 4.1, location C was near one side and
Location D was near the other side, in an attempt to detect average
crack length in those cases where the crack front might not be straight.

For quasi-static tests on carbon steel specimens and for both quasi-
static and dynamic tests on stainless steel specimens, the direct-
current magnitude was adjusted to give a potential of 400 to 500 gv at
the start of a test. For the dynamic tests on carbon steel, however,
the current was increased to provide a starting potential of 4000 to
5000 gV. The larger potential in the dynamic tests was used to minimize
the effect of a voltage pulse that is generated within ferromagnetic
materials when they are subjected to rapid loading (Ref. 4.4). The
voltage pulse phenomenon and the method for minimizing its effects were
investigated in a separate Battelle-funded study.

Displacement rates in quasi-static tests were selected to cause crack
initiation in 5 to 20 minutes. In dynamic tests, the displacement rate
was selected to cause crack initiation in approximately 0.2 seconds. As
was discussed in Section 1.1, the time of 0.2 seconds to reach crack
initiation was based on an analysis of IPIRG Task 1.0 dynamic pipe
fracture experiments which involved cyclic loading; that analysis
determined an " average equivalent monotonic time to crack initiation" of
approximately 0.2 seconds in the various pipe tests.

Tests on the two different specimen sizes were conducted in two
different servohydraulic testing machines that employed different data
acquisition systems. The 0.5T specimens were tested in a Materials
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Testing System servohydt aulic machine that had a capacity of 22 kN
(5,000 lb), whereas the IT specimens were tested in an Instron i

servohydraulic machine that had a capacity of 220 kN (50,000 lb). 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 IT 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-Vii) and d-c electric potential versus load-line
displacement (U-V[[)providealltheinformationneededtodetermineJ

in this report, and a complete J-at crack initiation, referred to as Jj
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-VLL curve,
based on work described in References 4.7, 4.8, and 4.9 In some cases,

select"n of that point was not as obvious as in Fig. 4.4a. In those
cases, a graph of load versus electric potential (P-U) was al",o examined
for evidence of a slope change that'. night 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-VLL curve and before
the maximum-load point.

Once a decision was made on the crack initiation point, the value of U
at that point was called V . Approximately 30 to 50 data sets (P, Vtt,
andU)werethenselectediromthecontinuoustestrecordsofthetype
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
initiation 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 oi crack length were calculated from the ratio U/U ,o
using the Johnson equation (Ref. 4.5):

cosh (ry/2w) (4 l)
a = (2w/r) cos-1

cosh {{U/U ) cosh-I[ cosh (ry/2w)/cos(ra /2w)]}o o
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where a is crack length, a is original crack length, w is specimenn
width, and 2y is the spacing of the potential probes (see Fig. 4.1).
Battelle has modified Eq. 4.1 to pennit 2y to increase in proportion to
V during a test because experience has shown that this modificationu
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, thr.t 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
Eqs. 4.2, 4.3, and 4.4, below:

J=Jeg + Jpg (4.2)
2 2Jeg , Keg (3_y )/E (4.3)

Jpg(j) = [Jpg(j_3) + gj(Apg(j)-Apg(j_3))/b B ][1-7j(aj-aj_3)/b ] (4.4)jy j
whe e K is the stress-intensity parameter, y is Poisson's ratio E is
Young's modulus of elasticity, a is crack length, b is ligament length,
B is net thickness at the side grooves, A is area under the load-y
displacement curve,
subscripts i and i-1 relate to consecutive 9 = 2 + 0.522 b/w, 7 = test record increments

1 + 0.76 b/w, and the
The.

results of the J calculations were presented graphically, as is
illustrated schematically in Fig. 4.4b. J denotes the value of J atjcrack initiation.

The curve shown schematically in Fig. 4.4b differs in fonn from J-R
curves in ASTM E1152-87 and ASTM E813-87 (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 blunting 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 is defined as the intersection of the 0.2 mm
offset line (parallel fo,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 m 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 ;i
and an of fset power law regression line calculated for data between the
exclusion lined.* A second method, which yields a value termed J0 '

defines initiation in the same way as ASTM E813-87 except that it .2/BL'
specifies an offset power-law regression line rather than simply a power
law. Clearly, the value termed Jj is less than the value of J measured
at an of fset of 0.2 m. It represents an attempt to define the crack |

I
| initiation point as accurately as possible, whereas the offset method

attempts to provide an engineering definition 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 fr~om both the ASTM' ;

standard method and the EGF draft standard method. However, Jj values '

as determined in the Battelle tests are believed to be very similar to
J5 values as detennined 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 J 2/BL value, it would be necessary only to draw a '

line parallel to t06 3-axis in Fig. 4.4b and offset by 0.2 m. The
intersection of that line with the J-R curve would provide that
comparable value of J.

'
.

|

4.2 Experimental Results
!

Sumary graphs and tables of J-R curve tests are presented in this
I section. Tabulated data for individual C(T) specimens were developed

for analysis of full-scale pipe experiments, an.1 may be put in the NRC
PIFRAC database in the future (Ref. 4.10).

Actual rates of loading in C(T) tests, expresseu 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 I

approximately 4,000 times faster than those in quasi-static tests.

i

|

|

J4 in the EGF draf t standard may also be detennined on the basis of*

stretch-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 Letween the quasi-static tests -

conducted at HEA and the quasi-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

i

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) r

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 line gave the value of Jj.**
Table 4.2 provides a summary of Jj and dJ/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 displacement (Vg ), ram displacement, and direct-current electric
potential (U) as functions of time. A graph of load versus VLL is shown
in Figure 4.7, and of U versus Vtt in Figure 4.8. Examination of the
three graphs indicates that crack 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 Vg curve in Figure 4.8 and represents the
earliest point on that curve that 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 seconds, 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** j'

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 t

right after maximum load and a longer period shortly thereafter. The ,

strongest evidence for this assumption is the appearance of the [
signal in Figures 4.7 and 4.8; only a fewelectrical noise on the Vg

cycles of noise are evident during much of the falling-load (Figure 4.7) i

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 i

55 mm/s (2 in/s). .

IThe 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 i

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 Jj 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) In specimens that were subjected to monotonically increasing

displacement, the quasi-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 observed similarity between quasi-static and
dynamic tests seen in Figure 4.10 differs from the behavior
displayed by other ferritic steels tested in the IPIRG
program. In a larger diameter A106B pipe (DP2-F29), the load-
displacement curve for a dynamic test was significantly lower
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|

|
than for a quasi-static test. Conversely, the opposite was
true for a submerged-arc weld in that pipe (DP2-F29W).

(2) On average, the quasi-static J-R curves were slightly higher
than the dynamic curves, and the slopes (i.e., tearing
modulus) for the two displacement rates were comparable (see
Figure 4.11 and Table 4.3).

(3) Specimens that underwent periodic partial unloadings exhibited
significantly lower maximum loads and greater displacements at
maximum loads (see Figure 4.10) than did their monotonically
loaded counterparts. A similar observation was made when
comparing MEA and Battelle tests. However, the effect of
periodic partial unloadings on J; and dJ/da appeared to be
small (see Table 4.3 and Figure 4.11).

The first two observations suggest that, in the C(T) tests on this
steel, changing the displacement rate by a factor of about 2,500 has not
caused a large change in the overall resistance to ductile crack
extension in this steel. Using average values from Table 4.3, Ji was
decreased approximately 15 percent and dJ/da was increased approximately
15 percent in dynamic versus quasi-static tests.

It should be noted that J; values f rom quasi-static tests at Battelle
(Table 4.3) ve somewhat less than Jj values from quasi-static tests at
MEA (Table 4.2). The reasons for this difference are not known with
certainty, but may reflect material variability, differences in specimen
thickness, or the different methods used for determining the point of
crack initiation. The Battelle method of determining crack initiation,
which is based on departure from linearity of the d-c EP versus
displacement curve, tends to give a somewhat earlier indication of
initiation than does extrapolation of the J-aa curve to a blunting line.

In order to provide comparisons between the J-R curve data fcr Pipe DP2-
F30 and other results, the J-R curves used in ASME IWB-3650 ferritic-
pipe flaw evaluations are shown in Figure 4.12. The curve shown for
A516 Grade 70 is considered by the ASME to be a reasonable lower bourd
for all base metal ferritic pipe steels in the L-C orientation.
Portions of the two curves in Figure 4.12 are superposed on the J-R
curve data for Pipe DP2-F30 in Figure 4.11. Notice that the data for
Pipe DP2-F30 lie slightly below the curve for A516 Grade 70 and
considerably below the curve for A106 Grade B.

To summarize the results of the tests reported here for Pipe DP2-F30,
increasing the rate of displacement at 288 C (550 F) produced the
following effects:

Neither the load-displacement curve nor the J-R curve from*

0.5T C(T) tests was influenced strongly by a factor of 2,500
increase in displacement rate. Although, on average, J

5values were slightly lower at the higher displacement rate,
tearing modulus values were slightly higher.
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Crack instabilities observed in quasi-static tests at Battelle-

were also observed in the dynamic tests. (No crack ,

instabilities were observed in the quasi-static tests at MEA.) !

J-R curves for both quasi-static and dynamic tests tended to-

lie below J-R curves used in ASME IWB-3650 ferritic-pipe flaw ;

evaluations. i

Pipe Number DP2-F29 [406 mm (16 inch) Diameter, Schedule 100, A106 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 i

diameter A106 Grade B pipe than for the smaller diameter pipe (DP2-F30)
discussed in Section 4.2.1.1. In the smaller pipe, dynamic effects were ;

relatively small, both on the load-displacement curve and on the i

occurrence of crack jumps. In Pipe DP2-F29, however, dynamic tests
resulted in a substantial lowering of the load-displacement curve and i

virtual elimination of significant crack jumps that were observed in the
quasi-static tests. The curve that lies above all the others in Fig. -

4.13 was for a specimen that was not side-grooved (Spec. No. F29-17).

J-resistance curves are shown in Figure 4.14 and values of Jj and dJ/da
are summarized in Table 4.4. For the quasi-static tests, the J-R curves
were terminated at the point of the first significant crack jump, i

because there is no agreed-upon method for calculating J during and
after a crack instability. It is evident from the results in Figure
4.14 and Table 4.4 that both J; and dJ/da were lowered as a result of

'

i

increasing the displacement rate by a factor of approximately 2,500; J
valuesdecreasedbyapproximately35percentanddJ/davaluesdecreased
by approximately 45 percent as the displacement rate was increased.

Inckded for comparison in Figure 4.14 are the ASME IWB-3650 reference
J-R c arves for A106 Grade B and A516 Grade 70 steel. Notice that the
quasi static test results for Pipe DP2-F29 lie slightly below the ASME
curve for A106 Grade B steel, and the dynamic test results lie
approximately on the ASME curve for A516 Grade 70 steel. ,

Pipe DP2-F29W, Submerged Arc Weld in ASTM A106, Grade B Carbon Steel.
Load-displacement curves are shown in Figure 4.15 for C(T) specimensi

machined from a submerged-arc weld in an A106 Grade B pipe; the welded
pipe is referred to as Pipe DP2-F29W. Unlike the result obtained for
the base metal (see Figure 4.13 for Pipe DP2-F29) in which dynamic
testing lowered the load-displacement curve, dynamic testing of the weld
metal raised the load-displacement curve significantly. In addition,

| whereas quasi-static tests on base metal specimens produced significant
crack jumps (see Figure 4.13), the single quasi-static test conducted on
a weld metal specimen produced only very small jumps that are barely
perceptible on the load-displacement curve in Figure 4.15.

J-resistance curves are shown in Figure 4.16 and values of Jj and dJ/da
are summarized in Table 4.5. These results show that both Jj and dJ/da
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were increased approximately 50 percent as a result of increasing the
displacement rate by a factor of approximately 4,000.

Also shown in Figure 4.16 are the ASME IWB-3650 J-R curves for ferritic
steel base metals and a ferritic steel submerged-arc weld. The ASME
curve for the submerged-arc weld in Figure 4.16 is based on results
obtained in the Degraded Piping Program in which a weld was prepared in
a 25.4 mm (1 inch) plate of A516 Grade 70 steel, using the same
procedures as for the weld studied here (F29W). J-R curves for IT C(T)
specimens machined from that earlier weld can be found in Figures 3.3.17
and 3.3.18 of Reference 4.12. Note in Figure 4.16 that the data from
both quasi-static and dynamic tests on specimens machined from Pipe DP2-
F29W lie above the ASME curve for a submerged-arc weld and, even in the
worst case (quasi-static tests), are approximately equal to the ASME
curve for A516 Grade 70 base metal.

4.2.2 Austenitic Stainless Steels

Pipe Number DP2-A23 [152 mm (6 inch) Diameter, Schedule 120, A376 Type
304 Stainless Steel Pipe]. Two quasi-static tests on C(T) specimens at
288 C (550 F) were performed at MEA and one was performed at Battelle.
The MEA tests were conducted in conjunction with the NRC's Degraded
Piping Program. In MEA's original analysis of their test data, they
constructed a blunting line from the formula recommended in ASTM E813-
81:

J = 2afaa (4.5),

where af is the average of the yield and ultimate tensile strength and
aa is crack extension. That blunting line provided a poor match for the
experimentally determined blunting line and yielded J3 values that were
unreasonably high. Battelle reanalyzed the data using a blunting line
constructed from the relation:

J = 4afaa (4.6).

Equation 4.6 has been suggested by several investigators [for example,
see (Ref. 4.13)] as appropriate for highly ductile metals such as
austenitic stainless steels. That equation was found to provide good
agreement between the calculated and experimentally determined blunting
line and to bring the J- value close to the value observed in the

3

Battelle quasi-static test. Figure 4.17 shows the J-R curves from the
MEA tests in which Eq. 4.6 was used to calculate the blunting line. A
summary of Jj and dJ/da values for the MEA tests can be found in Table
4.6. As was noted for MEA's results for carbon steel, Battelle's
reanalysis of MEA's results for stainless steel employed the methods of
ASTM E1152-87 to calculate J-resistance curves.

In the C(T) tests at Battelle, both quasi-static and dynamic, the d-c EP
results gave very poor agreement between calculated and actual crack
growth. Tne reasons for this occurrence are not known; in the vast
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majority of other C(T) tests conducted at Battelle on austenitic
stainless steels, agreement between calculated and actual crack growth ,

'

has been good (see Refs. 4.3 and 4.4). Because of the poor agreement,
the d-c EP data were used only for determining the crack initiation
point; crack growth was estimated by the following method.

(In the single quasi-static test conducted at Battelle, crack growth
during the test was estimated by constructing a smooth curve, on a crack
extension versus displacement graph, between the crack initiation point !

*

(determined from d-c EP data) and the final crack extension (measured
directly on the specimen after testing). Results of the quasi-static
test at Battelle are shown in Figure 4.18 (load and crack extension ,

versus displacement) and in Figure 4.19 (J-R curve). Values of Jj and
dJ/da are given in Table 4.6. Note that the Battelle results and the >

|
MEA results in Table 4.5 are in reasonable agreement.,

| In the dynamic tests, in which crack initiation occurred in
I approximately 0.1 seconds *, five nominally identical specimens were ,

tested, each to a different final displacement and final crack length. |

A composite graph of load-displacement-crack extension was constructed !

from the data obtained in the five tests; that composite graph is shown
in Figure 4.18. The curve of crack extension versus displacement in |

| Figure 4.18 was constructed from the estimated initiation point (from '

| d-c EP data) and the final values of crack extension (measured directly
| on the tested specimens). The J-R curve constructed from the results in

Figure 4.18 is shown in Figure 4.19. Also included in Figure 4.19 are
J-R curves from quasi-static tests at MEA (see Figure 4.17), drawn
without a blunting line. Jj and dJ/da values are shown in Table 4.6.

It is evident from Figures 4.18 and 4.19 and from Table 4.6 that dynamic
tests of specimens from Pipe DP2-A23 show moderately greater fracture
resistance than do quasi-static tests. This trend was anticipated and
has been observed previously in tests on another austenitic stainless
steel (see Ref. 4.14).

No comparison curves are shown in Figure 4.20 because there are no ASME
Section XI reference J-R curves for Type 304 stainless steel in the
technical basis document for the IWB-3640 austenitic pipe flaw
evaluation criteria.

Pipe Number DP2-A8 [406 mm (16 inch) Diameter, Schedule 100, A358 Type
304 Stainless Steel Pipe]. Load displacement curves for IT C(I)
specimens machined from Pipe DP2-A8 are shown in Figure 4.20. As was
observed for the smaller diameter austenitic stainless steel pipe (see

C(T) tests on this material were conducted prior to prescribing a*

time of 0.2 seconds to reach crack initiation (see Section 1.1).
However, based on experience with strain rate effects, it is
unlikely that a factor of 2 difference in displacement rate would
have a significant effect on the J-R curve.

4-11
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Figure 4.18 for Pipe Number DP2-A23), the load-displacement curve for a
dynamic test was above that for a quasi-static test.

J-resistance curves are presented in Figure 4.21 and values of Jj and
dJ/da are summarized in Table 4.7. The results show that increasing the
displacement rate by a factor of approximately 4000 raised J
significantly but had little effect on dJ/da. j

Also shown for comparison in Figure 4.21 are results for the smaller
diameter Type 304 stainless steel pipe tested in the IPIRG Program
(DP2-A23). Notice that the larger pipe (DP2-A8)-exhibited somewhat
greater toughness than did the smaller pipe.

Pipe Number DP2-A8W Submerged-Arc Weld in 406 mm (16 inch) Diameter
A358, Type 304 Stainless Steel Pipe]. Lord-displacement curves are
shown in Figure 4.22 for IT C(T) specimens machined from a submerged-arc
weld in an A358, Type 304 stainless steel pipe; the welded pipe is
referred to as Pipe Number DP2-A8W. Considerable variation was observed
among the three specimens tested at a dynamic rate, but each of the
three displayed higher load-displacement curves than did the single
specimen tested at a quasi-static rate.

J-resistance curves are presented in Figure 4.23 and values of Jj and
dJ/da are summarized in Table 4.8. Only two J-resistance curves are
shown for dynamic tests because one of the tests failed to provide
electric potential data, needed to provide crack initiation and crack
growth data. The results indicate that the submerged-arc weld was
affected somewhat more than either of the base metals by increasing the
displacement rate by a factor of approximately 4400. Jj was more than
doubled and dJ/da was increased by about 40 percent as a result of
dynamic loading. Notice also in Figure 4.23 that the toughness of the
submerged-arc weld metal (A8W) was much lower than that of the base
metal (A8). That finding is in agreement with results obtained for Type
304 plate material, both base metal and submerged-arc weld metal, in the
Degraded Piping Program (Ref. 4.12). The submerged-arc weld in
Reference 4.12 was made by the same procedures as were used in this
program and exhibited quasi-static J-R curves in IT C(T) specimens that
were very similar to the A8W quasi-static J-R curve shown in Figure 4.23
(see Figures 3.3.14 and 3.3.15 in Reference 4.12). j

'

4.2.3 Centrifugally Cast Stainless Steel

Pipe Number DP2-A40 [406 mm (16 inch) Diameter, 25.4 mm (1 inch) Wall,
Artificially Aced CF8M Pipe]. Only a few small pieces of material were
available for f abrication of C(T) specimens from Pipe DP2-A40. The size
of the pieces was such that three full-size 0.8T specimens and one IT
planform-size specimen, 22.9 mm (0.9 inch) thick could be obtained.

Load-displacement curves for the C(T) specimens are shown in Figure
4.24; the curve for Spec. No. A40-4 lies above those for Spec. No.'s
A40-1 and A40-2 because that specimen was larger than the other two. As
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was observed for the austenitic stainless steels, dynamic loading raised
the load-displacement curve for the centrifugally cast stainless steel.

1

J-resistance curves are presented in Figure 4.25 and values of Jj and
dJ/da are summarized in Table 4.9. The results indicate that increasing
the displacement rate by a factor of about 4,300 increased Jj by
approximately 30 percent and dJ/da by nearly 60 percent. j

for comparison, the wrought stainless steel (DP2-A8) and the stainless
steel submerged-arc weld (DP2-A8W) J-R curve scatter bands are also
given in figure 4.25. This comparison shows that the artificially aged
cast stainless material (DP2-F40) exhibited a toughness level that was
comparable to that of submerged-arc weld metal in Type 304 stainless
steel (A8W), but significantly lower than that of Type 304 stainless
steel base metal (A8). Note that ASME Section XI does not have a
reference J-R curve for cast stainless steel, but only requires the
ferrite number to be less than 20. Under those requirements, a limit- ,

load analysis is used for cast stainless steel in Article IWB-3640.
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Table 4.1. Actual loading rates in tests of C(T) specimens

2 2
Pipe Identi- Approximate dJ/dt, kJ/m /s(in-lb/in /s) dJ/dt RL
cation Number Material Type Quasi-Static Rapid Loading dJ/dtg3

DP2-F30 ASTM A106, Grade B carbon steel 0.12 (0.68) 295 (1680) 2460
DP2-F29 ASTM A106, Grade B carbon steel 0.17 (0.97) 420 (2400) 2470
DP2-F29W Submerged-arc girth weld in ASTM 0.13 (0.74) 520 (2970) 4000A106 Grade B

DP2-A23 ASTM A376, Type 304 stainless steel 1.1(6.3) 6750 (38,500) 6140
,,

L
i '" OP2-A8 ASTM A358, Type 304 stainless steel 1.8 (10.3) 7250 (41,400) 4025

DP2-A8W Submerged-arc girth weld in ASTM 0.13 (0.74) 570 (3250) 4385A358. Type 304

DP2-A40 Aged A351, Type CF8M centrigugally 0.16 (0.91) 690 (3940) 4310cast stainless steel
Avg. 3970

t

.
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Table 4.2. Summary of J and dJ/da values for Pipe DP2-F30
4

obtained from compact specimens tested at 288 C (550 F)
at Materials Engineering Associates.

(L-C orientation; 20 percent side grooves)

J at Initiation dJ/da(a)
Specimen -

- -

-

Ident. No. Rate kJ/m# in-lb/in# MJ/m# in-lb/in# |
|

ZP15-5LC Quasi-static 103 590 89 12900 |ZP15-6LC Quasi-static 97 555 92 13300 |

(a) Determined for crack extension between 0.15 and 1.5 mm
(0.006 and 0.06 inch).

l,
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Summary of J and dJ |Table 4.3.
obtainedfrobcompac/davaluesforPipeDP2-F30t specimens tested at 288 C (550 F) '

at Battelle.

(L-C orientation; 23 percent side grooves)

J at Initiation dJ/da(a)
.

Specimen
Ident. No. Rate kJ/m in-lb/in (a) g37,3 in-lb/in2 2 3

F30-112 Quasi-static 69 395 98 14200
F30-114 Quasi-static 74 425 92 13300

F30-113 Quasi-static 70 400 139 20200
F30-115 Quasi-static 67 385 105 15200

F30-108 Dynamic 61 350 157 22800
F30-109 Dynamic 75 430 178 25800
F30-110 Dynamic 50 285 94 13600
F30-111 Dynamic 49 280 79 11500

(a) Detemined for crack extension between 0.15 and 1.5 mm
(0.006 and 0.06 inch).

(b) Specimen was partially unloaded several times prior to
i maximum load to simulate MEA unloading-compliance

test procedure.

|

1

|

|
|
I

|
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Table 4.4. Summary of J and dJ/da values for Pipe DP2-F29.j

Tested at 288 C (550 F)

Spec. J at Initiation dJ/daIdent. % Side-
No. Grooves Rate (a) kJ/m in-lb/in g37,3 in-lb/in

2 2 3

F29-17 0 QS 111 635 113 16410

F29-18 20 QS 149 850 89 12910F29-11 20 QS 147 840 100 14550F29-13 20 QS 92 525 125 18200

F29-9 20 Dyn 68 390 62 8930F29-14 20 Dyn 88 505 55 8020F29-15 20 Dyn 89 510 56 8140

(a) QS = quasi-static
Dyn = dynamic
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Table 4.5. Summary of J and dJ/da values for submerged-arc weld
(DP2-F29W)ibPipeDP2-F29.

Tested at 288 C (550 F)
,

Spec. J at Initiation dJ/da
Ident. % Side-

No. Grooves Rate (b) kJ/m in-lb/in ggf,3 in-lb/in2 2 3

F29W-12 20 QS 82 470 68 9860

F29W-9 20 Dyn 118 675 109 15760
F29W-10 20 Dyn 131 745 102 14820
F29W-11 20 Dyn 127 725 94 13620

(a) QS = quasi-static
Dyn = dynamic

4-19
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Table 4.6.
Summary of J and dJ/da values for Pipe OP2-A23 obtained4

from compact specimens tested at 288 C (550 F).

L-C orientation; 20 percent side grooves (MEA)
or 23 percent side grooves (Battelle)

J at Initiation dJ/da(a)Spec.
Ident. No. Rate kJ/m in-lb/in (a) ggf,3 in-lb/in

2 2 3

ZP17-9tCI
ZP17-13LC )

Quasi-static 597 3405 286 41500Quasi-static 538 3070 315 45700
A23-113 Quasi-static 646 3685 242 35100
A23-XIC) Dynamic 675 3850 285 41300

(a) Determined for crack extension between 0.15 and 1.5 mm(0.006 and 0.06 inch).
(b) Specimen was fabricated at HEA.

(c) Specimen No. A23-X represents a composite of five nominally
identical compact specimens tested dynamically to differnt
total displacements and different crack lengths; individual
specimens were No.'s A23-108, A23-109, A23-110, A23-111, andA23-112.

|

|
,
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iTable 4.7. Summary of J and dJ/da values for Pipe DP2-A8. 'j

Tested at 288 C (550 F)

Spec. J at Initiation dJ/da
Ident. % Side-
No. Grooves Rate (a) kJ/m in-lb/in MJ/m in-lb/in2 2 3 3

A8-41 0 QS 710 4050 610 88500

A8-43 20 QS 623 3555 524 76000
A8-12A 20 QS 854 4875 481 69720

A8-9A 20 Dyn 1302 7430 500 72470
A8-10A 20 Dyn 943 5385 566 82060
A8-11A 20 Dyn 1399 7985 388 56320

(a) QS = quasi-static
Dyn = dynamic

\

|
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Table 4.8. Summary of J and dJ/da values for submerged-arc weldj
(DP2-A8W) in a Type 304 austenitic stainless steel pipe.

Tested at 550F (288C); L-C orientation

J at Initiation dJ/da
Specimen % Side-

Ident. No. Grooves Rate (a) kJ/m in-lb/in ggf,3 in-lb/in
2 2 3

A8W-110 20 QS 55 315 135 19550

A8W-107 20 Dyn 140 800 180 26140
A8W-108 20 Dyn 116 660 205 29700
A8W-111 20 Dyn (b) (b) (b) (b)

(a) QS = quasi-static
Dyn = dynamic

(b) No electric potential data were obtained for Specimen No. A8W-111;
hence the J-R curve could not be calculated

i

1
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and dJ/da values for compact specimensSummary of JTable 4.9.
fromPipeDPh-A40testedat300C(572F).

J at Initiation dJ/da
Specimen % Side- 2 2 3

Rate (a) kJ/m in-lb/in g3j,3 in-lb/inIdent. No. Size Grooves

A40-3 0.8T 20 QS 88 501 147 21330

A40-1 0.8T 20 Dyn 109 621 253 36700

A40-2 0.8T 20 Dyn 146 833 181 26320

A40-4 1T 20 Dyn 93 533 263 38150

(a) QS = quasi-static
Dyn = dynamic
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Figure 4.10 Load-displacement data for compact specimens from
Pipe DP2-F30 (A106 Grade B carbon steel), tested at
288 C (550 F).
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figure 4.11 J-resistance curves for compact specimens, up to
the point of the first large crack instability,
from Pipe DP2-F30 (A106 Grade B carbon steel)
tested at 288 C (550 F) in L-C orientation.
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Figure 4.12 J-R curves at 288 C (550 F) used in ASME IWB-3650
ferritic-pipe flaw evaluation criteria (Ref. 4.11).
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Figure 4.14 J-resistance curves for compact specimens from Pipe DP2-F29
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5.0 DISCUSSION OF RESULTS

The effect of increasing the rate of displacement in tensile and C(T)
tests conducted at 288 C (550 F) is summarized in Table 5.1. Table 5.1
showstheapproximatepercentagechangeintensilepropergiesas5strain rate was increased by a factor of approximately 10 to 10 , and
the approximate percentage change in several toughness parameters (Jj, J
at 2 mm of crack extension, and dJ/da) as the value of dJ/dt was
increased by a factor of 2500 to 6000.

The results shown in Table 5.1 reveal that the carbon steel materials -

responded to increasing strain rate in a significantly different manner
than did the stainless steel materials. The carbon steels, because of
the fact that each was susceptible to dynamic strain aging, showed
marked effects of strain rate on tensile strength. Of special
importance to nuclear piping applications, the tensile strength of all
three carbon steels and the fracture elongation of the two base metals
were lowered substantially by the increased strain rate. The stainless
steels, on the other hand, showed little change in either strength or
elongation, except for the cast stainless steel, which showed increased
elongation with increasing strain rate. Each of the stainless steels
did exhibit a higher yield strength with increasing strain rate, whereas
the yield strength of the carbon steels was virtually unchanged.

The observed differences between the two types of materials in tensile
tests were carried over into the J-R curve tests as well. Each of the
stainless steels increased in toughness as dJ/dt was increased, as
evidenced by J values after 2 mm of crack extension and by dJ/da
values.* In some cases, the gain was modest and in other cases the gain
was substantial. In contrast to the relatively consistent behavior
among the stainless steels, the behavior among the carbon steels was
inconsistent in the C(T) tests. One of the carbon steels (DP2-F30),
exhibited a relatively modest reduction in crack-initiation toughness
and a modest increase in dJ/da at the higher displacement rate, and
experienced crack jumps at both rates. Another ferritic steel (DP2-F29)
showed a sizable reduction in toughness at the higher rate; however, the
crack jumps observed in low rate tests were not observed in the high
rate tests. Finally, the submerged-arc weld material (DP2-F29W) showed
an impressive increase in toughness at the higher displacement rate, and
was not susceptible to crack jumps at either rate.

The reasons for the different strain rate response of the three carbon
steel materials are not known with certainty. It can be hypothesized
that the differences in response are the result of differences'in the
way in which interstitial atoms (nitrogen and carbon) interact with
dislocations at 288 C (550 F) to produce the many unusual effects
associated with dynamic strain aging. These differences could give rise

.

to different temperature- and strain-rate dependence of dynamic strain

*
One exception was Pipe DP2-A3 which showed a slight decrease in
dJ/da.
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aging among the three steels. Thus, their strength-versus-temperature
curves might show peak strengths occurring at different temperatures,
they might display serrations on the stress-strain curve over different
temperature ranges, and so on.

Even though the causes of the different behaviors among the three carbon
steels cannot be adequately explained at this time, it is important to
note that the results were clear in one regard--one of the carbon steels
tested (DP2-F29) exhibited significant losses of both strength and
toughness at the higher displacement rate. That result means that we
must assume a similar response in any other carbon steel pipe unless
contrary evidence is available.

In addition to measuring displacement-rate effects, this investigation
confirmed a result obtained in the Degraded Piping Program, namely, the
fracture resistance of submerged-arc welds in austenitic stainless
steels is much poorer than that of base metal. The weld studied in this
program (DP2-A8W) for example, displayed a Jj value that was only about
10 percent of the value for its base-metal counterpart, and of about the
same magnitude as that for the carbon-steel weld (DP2-F29W).

5-2
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Table 5.1. Summary of dynamic ef fects on tensile properties and fracture resistance

ApproximatePercentChangeinIndica{e Property
As Strain Rate was increased

Pipe Identi- Ultimatefication Yield Tensile Elon- J atNumber Type of Steel Strength Strength gation Jj aa = 2mm dJ/da(b)

DP2-F30 A106B carbon steel 0 -20 -35 -15 -20(c) +15DP2-F29 A1068 carbon steel 0 -30 -15 -35 -40 -45

DP2-F29W Submerged weld in 0 -20 +5 +55 +70 +50A106B carbon steel
7,u

DP2-A23 A376 Type 304 stainless steel +35 +5 +5 +5 +15 +20DP2-A8 A358 Type 304 stainless steel +10 -5 +10 +65 +20 -5

DP2-A8W Submerged-arc weld in A358 +10 -5 -10 +135 +60 +45Type 304 stainless steel

DP2-A40 Aged A351 Type CF8M cast +25 0 +30 +30 +40 +60stainless steel

(a) For tensile tests, strain rate was increased from approximately 10-4 -I to 10 s-1; for C(T)s
tests, dJ/dt in dynamic tests was 2500 to 6000 times that in quasi-static tests.

(b) dJ/da was determined over the crack-extension range from 0.15 to 1.5 mm (0.006 to 0.060 in.).

(c) The change in J was determined at aa = 0.5mm because of limited stable crack growth in thismaterial .
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6.0 SIGNIFICANCE OF RESULTS TO PIPE FRACTURE ANALYSES

The main objective of the present work was to investigate the
appropriateness of using quasi-statically determined stress-strain
response and crack growth resistance characteristics of materials in
analyses that involve higher rates of loading. The investigation was
limited to studying the behavior of TP304 austenitic stainless steel,
A106 Grade B ferritic steel, an artificially aged cast stainless steel,
and stainless and ferritic submerged arc welds at 288 C (550 F). While
the effects described are well defined for these materials, it is not
clear how similar materials will behave, and generalization of these
results to a wide class of steels is premature. Stress-strain
characteristics of these materials were investigated from quasi-static
up to a maximum applied strain rate of 10 per second. To investigate
possible rate effects on crack growth initiation and tearing resistance,
laboratory specimens were loaded such that the rate of increase of J up
to initiation was comparable to that in the dynamic monotonically loaded
pipe specimens in Subtask 1.2. Comparisons were made with quasi-static
data on the basis of J-R curve estimates.

In Section 6.1, the significance of the'results'from this report are
considered in the context of flaw evaluation analyses. In Section 6.2,
comparisons are made between the trends from the laboratory specimen
results and results of Subtask 1.1 and 1.2 pipe fracture experiments.
Where appropriate, recommendations are made for experimentation and
rate-dependent plasticity analyses of data so that more precise
predictive methods may be established.

6.1 Significance of Laboratory Specimen Test Results on Pipe Fracture
Analyses

The mair properties that could change and affect the pipe fracture
analyses are the stress-strain curves and the crack growth resistance.
Considerations for each of these properties are discussed below. The
results relative to ASME Section III values for strength and J-R curves
in the ASME Section XI pipe flaw evaluation procedures are also
discussed.

6.1.1 Tensile Test Results

To put the results of this investigation in perspective, the nominal
elastic strain rates in the flawed pipe.need to be considered relative
to the information used in pipe fracture analyses.

Some examples of nominal strain rates in a pipe remote from a crack are:

- for a typical quasi-static pipe fracture test, such as those in
theDegradedPipiggProgram,thenominalstrainratesare
approximately 10- per second,
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for a se
from 10 jsmic evpnt, the nominal strain rates are estimated to be

-

to 10- per second, and
-

for hydrodynamic loads, such as water hammer from a valve
closure, the nominal elastic strain rates are estimated to be
greater than 1.0 per second.

The tensile test results presente
strain rates of approximately 10 g in this report were obtained at,1, and 10 per s
inSection3.0,increasingthestrainratefrom10'gcond. As was notedto 10 per second
had no significant adverse effects on the 288 C (550 F) tensile
properties of the stainless steel pipe materials investigated, but did
consistently raise the yield strength by at least 10 percent. Hence,
quasi-static tensile data appear to be adequate for representing stress-
strain behavior remote from the crack location in both seismic events
and water hammer events for these stainless steel pipe materials.

The situation is somewhat different for the ferritic steel tested.
Significant strain rate effects were observed in 288 C (550 F) tensiletests in this steel. In particular, ultimate tensile strength values
were lowered 20 to 30 percent at the highest rate relative to valuesobtained in quasi-static tests.

Based on the results obtained for the
carbon steels, it appears that it would be acceptable to use quasi-
static tensile data to represent the behavior remote from the crack
location for this carbon steel pipe in seismic events.

A water hammer
event, however, would appear to require tensile data at higher rates,
similar to the higher rates used in this study, even in regions remotefrom the crack. Of .ourse, if the stresses in the pipe remote from the.

with strain rate, then the strain rate is of little importance in thosecrack are clastic and the elastic modulus does not change significantlyregnons.

Probably of greater importance than the nominal strain rate remote from
the crack are the strain rates in the net section and near the crack tip.
During the IPIRG program Brickstad estimated the strain rate close to the

order of 3 per second from finite element analysis. crack tip for the dynamic monotonic stainless steel pipe test to be on theThe two higher
strain rates employed in tensile tests in this study (1 and 10 per
second) were chosen because they were believed to be equal to or greater
than the strain rate existing in the net section of cracked pipes,
including most of the region near a crack tip, during a seismic event.
More accurate estimates of strain rates in cracked pipes, both for
seismic events and for water hammer events, are needed to determine
the average strain rate in the net section and the crack tip area for
ferritic pipes. For a pragmatic solution, the average strain rate in
the net-section could be used to determine the stress-strain curves for
calculating the flow stress used in either the limit-load analysis or
the J-estimation fracture an61ysis. Also, the average strain rate in
the net section will be necessary to provide guidance for the selection
of the stress-strain curve to be used to calculate the Ramber
coef ficients used in the pipe fracture J-estimation schemes. g-Osgood
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Relative to Section III of the ASME Boiler and Pressure Vessel Code,
both the ferritic and stainless steels tested had yield and ultimate
strengths greater than the specified minimum values at room temperature.
At 288 C (550 F), the ferritic pipe had both yield and ultimate
strengths above the ASME Section III values, even at the higher strain
rates where ultimate strength was diminished relative to the quasi-
static ultimate strength. However, if a carbon steel were to have an
ultimate strength close to the ASME Code minimum value at room
temperature, it is possible that the 288 C (550 F) ultimate strength at
the high strain rate would be lower than the Code value. For the
stainless steel pipe, the ultimate strength was slightly below the Code
value at 288 C (550 F) even at the quasi-static test rates.

6.1.2 J-R Curve Toughness Results

For the dynamic J-R curve test results in this report, the 0.2 seconds
to crack initiation was equivalent to the time to initiation for a
dynamic monotonically loaded pipe specimen. This equivalent time was
determined by ANSYS finite element analyses using a cracked pipe element
The C(T) tests conducted in this program employed monotonic, rather
than cyclic, loading. The cyclic effects that could occur in the
pipe fracture experiments were not investigated in the labortory
specimen tests (other than the limited investigation of unloading
compliance on steel F30). In pipe experiments conducted in IPIRG
Subtask I.2, the cyclic load interactions with ductile tearing were
found to be significant in reducing the apparent J-R curves when
fully reversed loading was used (Ref. 6.1). It should be noted that
the calculated J-R curves are from an ASTM analysis procedure which
ignores possible rate effects. The ASTM analysis procedure was used
as an estimate until further detailed analyses are conducted to
establish the magnitude of the error.

6.1.3 Significance of Results and Comparison to ASME J-R Curves for
In-Service Flaw Evaluations

The J-R curves were compared to the ASME J-R curves used in the
technical basis for ASME Section XI Article IWB-3650 (Ref. 6.2). It was
found that the Pipe Number F30 carbon steel base metal J-R curves were
lower than the ASME J-R curve which was used as the lower bound curve
in establishing the end-of-life flaw sizes for ferritic pipe base metalflaws. There was relatively little difference between the dynamic and
quasi-static J-R curves for Pipe F30. In comparing the monotonically
loaded pipe fracture data for Pipe F-30 obtained in Subtasks I.I and 1.2
to the ASME ferritic pipe flaw evaluation procedures, it was found -

that the ASME IWB-3650 flaw evaluation procedure significantly
underpredicted the experimental maximum loads as long as the ASME
Section III Sm values were used in determining the flow stress. This
underprediction was due mainly to the actual yield and ultimate
strengths of Pipe F30 being significantly higher than the Code minimum
values. If the actual strength values of this pipe were used to
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determine the 5,, then the ASME IWB-3650 analysis procedure only
slightly underpredicted the maximum loads. Hence, there is some
inherent safety margin in the IWB-3650 analysis procedure that
compensated for the lower toughness of the F30 pipe under monotonic
loading.

For Pipe Number F29, the J-R curve was reduced significantly at the
higher testing rate, but the high-rate J-R curve was still above the
ASME lower bound base metal J-R curve. No dynamic pipe test data exist
from the IPIRG Subtask 1.1 and 1.2 experiments for this pipe, but this
pipe is being used in at least one IPIRG Subtask 1.3 pipe experiment.

The toughness of Pipe Number F29W, a submerged-arc weld (SAW) at the
quasi-static rates was well above the toughness of a similar weld tested
in the Degraded Piping Program. The reason for the difference in
seemingly identically prepared welds was not investigated. Unlike the
behavior exhibited by the base metal, the toughness of the SAW actually
increased with higher rate testing even though the ultimate tensile
strength of both the base metal and the weld metal were lower at the
higher strain rates. The J-R curve of F29W at both rates was above the
ASME J-R curve for ferritic submerged arc welds. This situation creates
an interesting trade off in a dynamic pipe fracture analysis for a crack
in a ferritic weld, where the base metal strength and the weld metal
toughness are used. In this case, the loss of strength may be
compensated for by the higher toughness of the weld at the higher rate.
Whether all ferritic welds increase in toughness with the increasingloading rate is not known.

For the wrought stainless steels (Pipe Numbers A23 and A8), the
toughness increased slightly with the rates of testing used. Hence, the
laboratory specimen data suggest that the use of quasi-static toughness
and strength data for wrought stainless steels appears reasonable for
seismically loaded pipe flaw evaluations.

For the artificially aged French cast stainless steel (Pipe Number A40)
and the stainless steel submerged arc weld (Pipe Number A8W), the
toughness increased significantly with increased loading rate. If this
observation is generally true, then quasi-static material property data
is conservative for use in dynamic pipe flaw evaluations for these
materials.

6.1.4 Significance for Leak-Before-Break Analysis

From the work described in this report, it appears that the main concern
relative to leak-before-break would be for ferritic pipe. In LBB
analysis, actual material properties are frequently used rather than
lower bounds. These property data typically are from quasi-static
tests. From the results on ferritic steels in this report, it appears
to be advisable to use dynamic toughness data. The dynamic strength
data should probably be used as well, but further assessments of simple
methods to account for the rate dependency (e.g., using the average
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strain rates in the net-section of a cracked pipe and near the cracked
tip) should be performed to see if the high rate tensile data are
necessary.

6.2 Comparison of Laboratory Specimen Results to IPIRG Subtask 1.1
and 1.2 Pipe Fracture Experiment Results

The laboratory specimen results from this report suggest that for
austenitic steels, the higher loading rate from a seismic event should
not have any adverse effects on the pipe fracture behavior, whereas for
d ferritiC base metal, the seismic loading rate could be detrimental to
the fracture behavior. In this section, the trends from the results of
dynamic pipe fracture experiments conducted in IPIRG Subtask 1.1 and 1.2
are compared with the trends from the laboratory specimen results.

6.2.1 Results of Tests on Ferritic Pipe DP2-F30

The quasi-static versus dynamic pipe test results from IPIRG Subtask 1.2
for Pipe DP2-F30 under displacement-controlled loading qualitatively
agreed with the laboratory specimen data. That is, the dynamically
loaded pipe test (Experiment 1.2-8) had a lower maximum stress and lower
fracture resistance than the identical quasi-static monotonically loaded
pipe test (Experiment 1.2-7). The same trend of lower failure stresses
and fracture resistance with increasing rates was also observed when
comparing quasi-static and dynamic fully reversed pipe experiments
(Experiments 1.2-6 and 1.2-4, respectively). Hence, there are two sets
of pipe experiments in Subtask 1.2 whose results agreed with the
laboratory specimen test results.

The inertia 11y loaded pipe fracture experiments in Subtask 1.1, however
did not show lower maximum stresses than the quasi-static pipe fracture
results of Subtask 1.2. This is a clear discrepancy between the
laboratory specimen tests and the Subtask 1.2 pipe test results. The
fracture resistance curves from the inertially loaded pipe fracture
experiment were not calculated since the inertially loaded pipe
experiments were conducted under combined pressure and bending. The
approximate solutions for a pipe eta-factor J-R curve, for a pipe under
tension and bending, were not readily available, but could be calculated
using the LBB.ENG method, Ref. 6.3.

Hence, for all the ferritic steel laboratory specimen and pipe test
data, the trends are consistent with the exception of the Subtask 1.1
pipe experiments.

6.2.2 Results of Tests on Austenitic Pipe DP2-A23

The quasi-static versus dynamic pipe test results from IPIRG Subtask 1.2
for Pipe DP2-A23 under displacement-controlled loading produced J-R
curves that showed no significant loading rate dependency. That is, the
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dynamically loaded pipe test (Experiment 1.2-1) had a similar fracture
resistance to the identical quasi-static monotonically loaded pipe test
(Experiment 4131-5 from +he Degraded Piping Program). This agrees with
the laboratory specimen data for the austenitic pipe experiments

In the analysis of the Subtask 1.2 IPIRG Experiments (Ref. 6.1), it was found
that the net-section stresses at maximum load were larger by 15 percent for
the quasi-static (4131-5) experiment than the dynamic experiment (1.2-1). This is a larger difference than usually observed from identicalpipe experiments.

These results were examined closer, and it was found
that the pipe diameter for Experiment 4131-5 was misreported. ;

Using the
correct pipe diameter, there is less than 1 percent difference in the
net-section stress at maximum load between the two experiments. Hence,
the Subtask 1.2 pipe experiments agree well with the laboratory specimenresults.

However, the net-section stress for the inertially loaded (dynamic) pipe
fracture experiments in Subtask 1.1 are 15 percent greater than the net-
section stresses for Subtask 1.2 quasi-static or dynamic pipeexperiments.

As with the ferritic pipe experiments, the fracture
resistance curves from the inertially loaded pipe fracture experiment
were not calculated since the inertially loaded pipe experiments were
conducted under combined pressure and bending.

Hence, for all the stainless steel Subtask 1.2 pipe and laboratory
The Subtask 1.1 pipe experiments show higher failure stresses thanspecimen data, the trends of the data show no strain rate sensitivity.
observed in Subtask 1.2 experiments.

6.2.3
Resolution of Discrepancies in Trends from Laboratory Specimenand Pipe Experiments

The reasons for the lack of agreement when comparing the laboratory
specimen and the Subtask 1.2 pipe experiments to the Subtask 1.1 pipefracture experiments should be explored further. Also, the J-R curves
from the Subtask 1.1 through-wall cracked pipe experiments should be
calculated for comparison to the Subtask 1.2 pipe J-R curve data.
Finally, the Subtask 1.1 experimental data should be reexamined or
duplicate pipe experiments performed, if necessary, to clarify thesediscrepancies.
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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.

For the stainless steels tested at 288 C (550 F), 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 tested were sensitive to dynamic strain aging, and hence the strength and toughness was
affected by both temperature and strain rate effects. The carbon steel base metal and welds exhibited ultimat;
tensile strength values at 288 C (550 F) 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 intthe base metal of
one pipe.
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