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Abstract

ABSTRACT

This report presents the results of four 152-mm (6-inch) diameter, unpressurized, circumferential
through-wall-cracked, dynamic pipe experiments fabricated from STS410 carbon steel pipe
manufactured in Japan. For three of these experiments, the through-wall crack was in the base metal.
The displacement histories applied to these experiments were a qQuasi-static monotonic, dynamic
monotonic, and dynamic, cyclic (R = -1) history. The through-wall crack for the third experiment was
in a tungsten-inert-gas weld, fabricated in Japan, joining two lengths of STS410 pipe. The
displacement history for this experiment was the same history applied to the dynamic, cyclic base metal
experiment. The test temperature for each experiment was 300 C (572 F).

The objective of these experiments was to compare a Japanese carbon steel pipe material with United
States pipe material, to ascertain whether this Japanese steel was as sensitive to dynamic and cyclic
effects as United States carbon steel pipe.

In support of these pipe experiments, quasi-static and dynamic, tensile and fracture toughness tests
were conducted. An analysis effort was performed that involved comparing experimental crack
initiation and maximum moments with predictions based on available fracture prediction models, and
calculating J-R curves for the pipe experiments using the n-factor method.
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Execuuve Summary

EXECUTIVE SUMMARY

This report presents the results from four 152 mm (6-inch) nominal diameter, circumferential through-
wall-cracked, dynamic pipe experiments. Three were directly funded by the Japanese members of the
Second International Piping Integrity Research Group IPIRG-2 program, and one was funded using joint
IPIRG-2 funds. This series of experiments was part of a larger program being conducted in Japan with
the purpose of developing a Japanese leak-before-break (LBB) criterion for carbon steel piping systems.
The specific objective of this series of experiments was to ascertain whether Japanese STS410 carbon
steel pipe is as sensitive to dynamic and cyclic loading effects as the A106 Grade B carbon stee) pipe
steels previously tested at Battelle during the IPIRG-1 program. (Note: STS410 pipe is identical to
STSA42 pipe, but the STS410 standard is written using SI units.)

In order to satisfy this objective, one quasi-static and three dynamic, four-point bend, circumferentially
through-wall-cracked pipe fracture experiments were conducted. The test specimens for each
experiment were fabricated from lengths of 152-mm (6-inch) nominal diameter, Schedule 120, STS410
carbon steel pipe. Each of the pipe lengths were from the same heat of pipe. The pipe dimensions and
flaw dimensions for each experiment were nearly the same. For three of the experiments, the initial
through-wall crack was located in the base metal. The displacement-time histories applied to these three
base metal experiments were a quasi-static, monotonic, a dynamic, monotonic and a dynamic, cyelic (R
= -1) history used in similar IPIRG-1 pipe tests. The through-wall crack in the fourth experiment was in
the center of a tungsten-inert-gas (TIG) weld, fabricated by Hitachi in Japan, Jjoining two lengths of 152
mm (6-inch) nominal diameter STS410 pipe. The displacement-time history applied to this length of
pipe was the same dynamic, cyclic history applied to the dynamic, cyclic base metal experiment. The
test temperature for each of these pipe experiments was 300 C (572 F). Each test specimen was
unpressurized.

In support of these pipe fracture experiments, a series of quasi-static and dynamic tensile tests and a
series of quasi-static and dynamic compact (tension) fracture toughness tests were conducted.

A limited analysis effort was also undertaken as part of this program. The analysis efforts consisted of
(1) comparing the experimental crack initiation moments and maximum moments with predictions based
on available fracture prediction models, and (2) calculating J-R curves for the pipe experiments using the
n-factor method.

The key findings from the material characterization efforts were:

- Loadin: the tensile specimens at dynamic rates (approximately 1 sec”’ and 10 sec”') lowered
the ultimate t_ asile strength of both the STS410 base metal and the TIG weld approximately
15 to 25 percent when compared with the tensile data developed at quasi-static loading rates’.
In addition, the fracture elongation for the base metal tensile specimens at the dynamic testing
rates was approximately 60 percent greater than the elongation at quasi-static testing rates.

The yield strength of the base metal was increased 15 percent while the yield strength of the weld
metal was decreased 20 percent as the strain rate was increased from 10*/sec 1o 10/sec.
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Executive Summary

The increase in loading rate did not significantly affect the elongation of the weld metal tensile
specimens.

- The TIG weld was stronger than the STS410 base metal. The quas:-static weld metal ultimate
tensile strength was approximately 40 percent higher than the quasi-static base metal tensile
strength. The dynamic (nominally | sec”' strain rate) weld metal tensile strength was
approximately 45 percent higher than the comparable dynamic base metal tensile strength.
The dynamic (nominally 10 sec” strain rate) weld metal tensile strength was approximately 25
percent higher than the comparable dynamic base metal tensile strength.

- For the base metal C(T) specimens, the average J, value for the highest loading rate (0.2
seconds to crack initiation) was 25 percent higher than the average J, value for the quasi-static
or slower dynamic (10 seconds to crack initiation) loading rates. For the TIG weld specimens,
the J, values at the higher loading rates were approximately 35 percent less than the J, values
for the quasi-static tests. The higher loading rates did not significantly affect the J-R curves,
for either the base metal or weld metal specimens after approximately 1 mm (0.04 inch) of
crack extension.

- The quasi-static weld metal J, value for the TIG weld was twice the quasi-static J, value for the
STS410 base metal. The dynamic base metal and dynamic weld metal J, values are
comparable. However, the weld metal J-R curves were quite a bit higher than the base metal
J-R curves for both the quasi-static and dynamic loading rate cases after approximately 1 mm
(0.04 inch) of crack extension.

The key findings from the pipe experiments were:

- The maximum moment for the quasi-static monotonic experiment was approximately 10
percent higher than the maximum moment for the dynamic monotonic experiment. This
reduction is believed to be influenced more by the difference in the crack growth angle from
the initial circumferential crack plane than by the loading rate. The crack in the quasi-static
experiment grew at a 48 degree angle from the circumferential plane, while the crack in the
dynamic monotonic experiment grew at a 38 degree angle from the circumferential plane.
Generally, as the angle from the crack plane increases, the load-carrying capacity and
displacements increase. Up to the point of crack initiation, there was no significant difference
between the load-displacement response of these two experiments.

- The maximum moment from the dynamic, cyclic base metal experiment was 7 percent less
than the maximum moment from the dynamic, monotonic base metal experiment, and 11
percent less than the maximum moment from the dynamic, cyclic weld metal experiment.
Neither of these reductions are very significant. Both are just outside the scatter in maximum
moment values typically observed in this type of pipe fracture experiment. The slight
difference in moment values for the two base metal experiments indicates that this material
may not be very susceptible to cyclic damage for through-wall cracks in this pipe size. The
somewhat greater difference in moment values for the two cyclic experimeuts is an artifact of
the fact that the weld metal is stronger and tougher than the base metal. The reason why this
difference is not as great as might be expected based on the differences in strength and
toughness properties between the base and weld metals is that shortly after the crack initiated
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in the weld metal experiment, the crack turned out of the weld and grew in the weaker, less
tough base metal

For identical displacement-time load histories, the base metal. cyclic experiment initiated on
the eighth loading cycle at a moment value of 63.3 kN-m (560,300 in-Ibs) while the weld
metal, cyclic experiment initiated on the thirteenth loading cycle at a moment value of 83.2
kN-m (736,400 in-lbs). This large increase in moment capacity at crack initiation for the weld
metal experiment is due to the fact that the strength and toughness of the weld metal is
significantly greater than that of the base metal

No unstable crack instabilities, i.e., crack jumps, occurred in any of these through-wall-cracked
pipe experiments

The key findings from the analyses of these pipe experiments were

The experimental moments at crack initiation were 1 to 30 percent greater than the predicted
moments at crack initiation for each of these experiments when the predictions were based on
the GE/EPR! and R6 Revision 3 Option | methods. When the predictions were based on the
LBB.ENG2 method, the experimental moments at crack initiation were up to 10 percent less
than the predicted moments. Conversely, the fracture ratios (i.e., the ratio of the experimental-
to-predicted moments) at crack initiation for the IPIRG-1 Subtask 1.2 dynamic, through-wall-
cracked pipe experiments were typically less than 1.0 for all three analysis methods

considered. This difference may be an artifact of using quasi-static material property data in
the analyses of both sets of experiments. If the dynamic data were used in the analysis of the
STS410 experiments conducted as part of this effort, the fracture ratios at crack initiation may
not change significantly in that the base metal ultimate strength is slightly lowered, but the
base metal J; value is slightly raised at the higher loading rates. However, if dynamic data
were used in the analysis of the A106 Grade B experiments conducted as part of IPIRG-1, the
fracture ratio at crack initiation would increase significantly due to the greater reduction in the
ultimate strength and the reduction in the J value at crack initiation. As a result of this greater
increase in the fracture ratios for the A106 Grade B pipe experiments when dynamic material
property data are used in the analyses, the fracture ratios for the two sets of experiments would
be more in line with each other. This finding that the fracture ratios for this STS410 material
were less sensitive to the choice of quasi-static or dynamic material property data than the
fracture ratios for the similar size A106 Grade B material evaluated in IPIRG-1. suggests that
this STS410 material may be less sensitive to loading rate effects than that particular A106
Grade B pipe.

The value of J at crack initiation (J) calculated from the n-factor analysis for the dynamic
cyclic pipe experiment with the crack in the TIG weld was approximately 2 times higher than
the J, value for the dynamic monotonic, base metal experiment and 5 times higher than the J,
value for the dynamic cyclic, base metal experiment. The ay erage C(T) specimen J, value for
the weld specimens was aiso higher than the average C(T) specimen J, value for the base metal
specimens, but not to the degree observed for the pipe experiments. Once the crack in the
cyclic weld metal pipe experiment initiated, the J-R curve leveled off and tended to mirror the
cyclic base metal experiment J-R curve. This was not surprising in that once the crack in the
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weld metal experiment initiated, it turned out of the weld and grew in the weaker, less tough
base metal. As a result, one would expect the fracture resistance for this experiment to be
similar to that of the cyclic base metal experiment once the crack started to grow. It was also
found that the J-R curves for the two cyclic experiments were both significantly below the J-R
curves for the dynamic, monotonic, base metal experiment. For this stress ratio (R = -1), this
reduction in the J-R curve is to be expected. This lowering of the J-R curves for the cyclic

(R = -1) experiments was observed previously for the IPIRG-1 Subtask 1.2 cyclic through-
wall-cracked pipe experiments.

As a result of these findings the following conclusions were drawn:

- The STS410 carboa steel pipe material and the associated TIG weld evaluated in this program
may be slightly susceptible to dynamic strair. aging effects, although the extent of their
susceptibility is probably less than some of the U.S. manufactured carbon steel materials
evaluated at Battelle in the Degraded Piping, IPIRG-1, and Short Cracks in Piping and Piping
Welds programs. The absence of any crack instabilities, i.e., crack jumps, in any of the pipe
experiments also suggests that this material may not be highly sensitive to dynamic strain
aging effects. (Note, however, some U.S. steels tested in the Short Cracks in Piping and Piping
Welds program show even less susceptibility to dynamic strain aging than this STS410 pipe.
There is a high degree of variability of dynamic strain aging sensitivity within U.S. steel
grades tested in these programs.)

- Based on a comparison of maximum loads for the two dynamic base metal experiments, the
STS410 carbon steel pipe material appears to be less sensitive to cyclic loading effects than the
A106 Grade B pipe material evaluated in Subtask 1.2 of the IPIRG-1 program. However,
when one compares the J-R curves for the pipe experiments from the n-factor analyses, one
sees a dramatic reduction in toughness due to cyclic loading. This material seems to be more
sensitive to cyclic loading after crack initiation than before. Since crack initiation is relatively
close to the maximum load in small diameter pipe tests, this may explain why the maximum
loads for the two base metal experiments agree so closely. For larger diameter pipes where the
initiation load is further from the maximum load, there may be more significant effects of
cyclic loading on the maximum load value.

- The through-wali cracks in the STS410 carbon steel pipe experiments all grew out of the
circumferential crack plane, much in the same manner as the through-wall cracks tested in the
U.S. manufactured carbon steel pipe materials evaluated in the Degraded Piping, IPIRG-1,
and Short Cracks programs. Such behavior is typically attributed to toughness anisotropy
effects. Experience to date suggests that the angled crack growth has a positive effect in
increasing the maximum loads and displacements.
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Nomenclature

NOMENCLATURE

1.  SYMBOLS

a Crack length

b Half the pipe circumference

¢ Half crack length

Cu Machine compliance

D Pipe diameter

dJ/da Change in J with respect to crack growth
E Elastic modulus

F Compliance function from GE/EPRI Handbook

h Function of tie crack angle used in 1) factor analysis

h' First derivative of the function h with respect to the crack length ©
h" Second derivative of the function h with respect to the crack length ©
1 Area moment of inertia

J J-integral fracture parameter

| - Elastic component of J

J, J at crack initiation

| Modified form of J

) - Plastic component of J

) - Elastic plus plastic components of J

K LEFM stress intensity factor parameter

L Inner span in a four-point bend pipe experiment

M Moment
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Ramberg-Osgood parameter, strain hardening exponent

Half of the total applied load in a four-point bend experiment

Stress ratio or minimum/maximum load

Mean pipe radius

Pipe wall thickness

Compliance function in the GE/EPRI Handbook

Outer span in a four-point bend pipe experiment

Ramberg-Osgood parameter

Displacement

Cyclic plastic displacement increment

Displacement at crack initiation for the dynamic monotonic experiment
Load-line displacement

Elastic component of displacement due to the crack

Elastic component of displacement due to machine compliance
Elastic component of uncracked pipe displacement

Plastic displacement

Change in stress intensity factor (K)

Strain

Ramberg-Osgood parameter, reference strain

Function of the crack angle used in n-factor analysis. ratio of h' to h"’

Geometric constant used in general analytical procedure where J,,. is calculated
using experimental load, displacement, and crack growth data

Half of the total pipe rotation

Stress



Ramberg-Osgood parameter, reference stress

Total crack angle

2.  ACRONYMS AND INITIALISMS

AC
ASTM
CMOD
COA
()
d-¢

d-c EP
DPZP

DSA

EDM
EP
EPy
EP,
EPRI
FM
GE
HS
IPIRG

IPIRG-1

Alternating current

American Society for Testing and Materials
Crack-mouth-opening displacement
Crack-opening area

Compact (Tension)

Direct current

Direct-current electric potential
Dimension-Plastic-Zone Parameter
Dynamic strain aging

Dynamic

Electric discharge machine

Electric potential

Base metal reference electric potential
Electric potential across the center of the crack
Electric Power Research Institute
Frequency modulated

General Electric

High speed

International Piping Integrity Research Group

First International Piping Integrity Research Group Program

Nomenclature
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Nomenclature

IPIRG-2
J-R
LBB

L-C

LVDT
LWR
MPA
Mono
MTS
NSC

NUPEC

Qs
SAW

TIG

Us.

USNRC

NUREG/CR-6438

Second International Piping Integrity Research Group Program
J-resistance

Leak-Before-Break

Orientation that indicates crack plane is normal to longitudinal axis (L) «nd crack

growth direction is circumferential (C)

Linear variable differential transformer

Light water reactor

Staatliche Materialprifungsanstatt (University of Stuttgart)
Monotonic

Materials Testing Systems (Supplier of servo-hydraulic equipment)
Net-Section-Collapse

Nuclear Power Engineering Company (Japan)

Personal computer

Quasi-static

Submerge-arc weld

Tungsten-inert-gas weld

Through-wall crack

United States

United States Nuclear Regulatory Commission
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Section | INTRODUCTION

1.0 INTRODUCTION

This report presents the results of a series of four 152-mm (6-inch) nominal diameter, circumferential
through-wall-cracked, dynamic pipe experiments conducted for a consortium of the Japanese IPIRG-2
member organizations. Three of these experiments were entirely funded by the Japanese IPIRG-2
members. One experiment was funded with the general IPIRG-2 program funds. The pipe material used
in each of these pipe experiments was a carbon steel (STS410) manufactured in Japan. The crack for
three of the experiments was located in the base metal. The crack for the fourth experiment was located
in the center of a tungsten-inert-gas (TIG) weld manufactured in Japan and joining two sections of
STS410.

This series of experiments was part of a larger program being carried out in Japan with the purpose of
developing a Japanese leak-before-break (LBB) criterion for carbon steel piping systems. The specific
objective of this series of experiments was to compare a carbon steel pipe material manufactured in
Japan with carbon steel pipe materials manufactured in the United States to ascertain whether this
Japanese pipe steel was as sensitive to dynamic and cyclic effects as the carbon steel pipe steels
manufactured in the United States that were previously tested in the IPIRG-1 program (Ref. 1.1).

The pipe samples tested in this series of experiments were ali loaded in four-point bending. Two base
metal specimens were prepared for monotonic tests; one quasi-static and one dynamic. In addition, one
base metal and one weld metal specimen were prepared for testing using a dynamic, cyclic load history
with a stress ratio (R) of -1 using the same cyclic displacement function used in the IPIRG-1 Subtask 1.2
pipe experiments in References 1.1 and 1.2.

In addition to the pipe experiments, which are discussed in detail in Section 3 of this report, this report
also presents the results from the material characterization efforts carried out for both the pipe material
and the associated weld metal. Both quasi-static and dynamic tensile and quasi-static and dynamic
compact (tension) fracture toughness tests were conducted on both materials. The results of these efforts
are discussed in Section 2 of this report.

Section 4 of the renort presents the results of the limited analyses of the pipe experiments that were
conducted as part of this effort. The analysis efforts included: (1) comparing the moment at crack
initiation and maximum moment with available fracture prediction analyses, and (2) calculating J-R
curves for the pipe experiments and comparing those results with the J-R curves from the C(T) fracture
toughness specimens. The fracture prediction analyses evaluated in this effort include: (a) the Met-
Section-Collapse (NSC) analysis, (b) the Dimensionless-Plastic-Zone-Parameter (DPZP) analysis, and
(¢) the GE/EPRI and LBB.ENG2 J-estimation scheme analyses, and (d) the R6 Revision 3 Option 1
method. The maximum moment values from these four experiments were compared with each of the
analysis methods while the moments at crack initiation were compared only with the J-estimation
scheme analyses, i.e., GE/EPRI and LBB.ENG2, and the R6 Revision 3 Option | analysis method. The
J-R curves from the pipe experiments were calculated using the n-factor method using the load-
displacement-crack growth data for each experiment. Further details of each of these analysis methods
are provided in Section 4.
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INTRODUCTION Section |

Section § presents a discussion of the results from these experiments. As part of this discussion, both the
effect of dynamic and cyclic loading on the response of this Japanese carbon steel pipe steel will be
assessed.

The report concludes with a summary and conclusion section in Section 6.

1.1 References

1.1 Wilkowski, G., Kramer, G., Vieth, P., Francini, R., and Scott, P., “The Effect of Cyclic Loading
During Ductile Tearing on Circumferentially Crack Pipe -- Analytical Results,” ASME PVP Vol.
280, pp 221-240, June 1994,

1.2 Scott, P, Kramer, G., Vieth, P., Francini, R., and Wilkowski, G., “The Effect of Dynamic and

Cyclic Loading During Ductile Tearing on Circumferentially Crack Pipe -- Analytical Results,”
ASME PVP Vol. 280, pp 221-240, June 1994.
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Section 2

MATERIAL CHARACTERIZATION EFFORTS

2.0 MATERIAL CHARACTERIZATION EFFORTS

This section of the report presents the quasi-static and dynamic tensile test results as well as the quasi-
static and dynamic fracture toughness test results obtained using C(T) specimens. The dynamic rates
used in these efforts correspond to high amplitude, low frequency, seismic rates as determined in similar
IPIRG-1 experiments (Ref. 2.1). All of these tests were conducted using a monotone increasing
displacement-control, i.e., there was no cyclic loading in these tests. Table 2.1 shows the material
characterization test matrix, while Table 2.2 shows the test specimen numbering scheme.

Table 2.1 Material characterization test matrix

C(T) Specimen
Fracture
Longitudinal ToughnessTests
Tensile Tests (L~C Orientation)
Quasi- Quasi-
Test Type Static Dynamic | Static Dynamic

Matenal 152-mm (6-inch) diameter X X X X

STS 410 carbon steel
Crack Location Base Metal X X X X

Weld Metal X X X X
Test Temperature 300C (572 F) X X X X
Strain Rate 4x10%/second X X

I/second X

10/second
Time to Achieve 600 seconds X
Crack Initiation 0.2 second X

10 seconds X
Duplicate Tests X X X X
Total Number of 4 8 4 8
Tests

r
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MATERIAL CHARACTERIZATION EFFORTS

Table 2.2 Material characterization test specimen numbering scheme

Specimen* Test Target
Number Type Test Speed Material
IPF13-T1 QS Tensile 4x10%/sec Base Metal
IPF13-T2 QS Tensile 4x10%/sec Base Metal
IPF13-T4 HS Tensile 1/sec Base Metal
IPF13-Té HS Tensile 10/sec Base Metal
IPF13-T7 HS Tensile 10/sec Base Metal
IPF13-T8 HS Tensile 1/sec Base Metal
IPF14-Tiw QS Tensile 4x10%/sec Weld Metal
IPF16-T2w QS Tensile 4x10%/sec Weld Metal
IPF16-T3w  HS Tensile 10/sec Weld Metal
IPF16-T4w  HS Tensile 1/sec Weld Metal
IPF14-T2w  HS Tensile 1/sec Weld Metal
IPF13-1 QS C(T) 600 sec to init Base Metal
IPF13-2 QS C(T) 600 sec to init Base Metal
IPF13-4 HS C(T) 10 sec to init Base Metal
IPF13-5 HS C(T) 0.2 sec to init Base Metal
IPF13-6 HS C(T) 0.2 sec to init Base Metal
IPF13-7 HS C(T) 10 sec to init Base Metal
IPF16-1w QS C(T 600 sec to init Weld Metal
IPF16-2w QS C(T) 600 sec to init Weld Metal
IPF16-3w HS C(T) 10 sec to init Weld Metal
IPF16-4w HS C(T) 10 sec to init Weld Metal
IPF16-5w HS C(T) 0.2 sec to init Weld Metal
IPF16-6w HS C(T) 0.2 sec to init Weld Metal

* Planned eight dynamic tensile tests but only seven produced good data.

2.1 Test Materials

Section 2

All material used in this study was supplied by Hitachi. All base metal specimens were fabricated from
152-mm (6-inch) nominal diamete: Schedule 120, STS410 carbon steel pipe. The weld specimens were
machined from three tungsten-ineri-gas (T1G) welds fabricated in Japan by joining two sections of 152-
mm (6-inch) nominal diameter, Schedule 120, STS410 carbon steel pipe. The pipe sections used in the

NUREG/CR-6438
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fabrication of the base metal tensile and C(T) specimens, and the pipe sections used for the weld metal
specimens, were all from the same heat of pipe as the pipes used in the pipe fracture experiments.

The test welds for the pipe experiments and material tests were all made at the same time using the same
procedures. Cracks were introduced into the center of the weld for the weld metal C(T) and pipe tests.
There was essentially no weld crown on the outside surface of the pipe, but the toe of the weld extended
somewhat toward the center of the pipe.

2.2 Tensile Tests Results

In order to completely characterize the tensile properties of this material, quasi-static and dynamic
tensile tests were conducted on both the base and weld metals. The quasi-static base metal specimens
were round-bar threaded-end specimens having a gage-section diameter of 6.35 mm (0.25 inch) and a
reduced section length of 31.75 mm (1.25 inch). The dynamic base metal specimens were flat, pin-
loaded specimens having a width of 6.35 mm (0.25 inch), a thickness of 3.18 mm (0.125 inch), and a
gage length of 8.89 mm (0.35 inch). The quasi-static and dynamic weld metal specimens were flat, pin-
loaded specimens having a width of 4.44 mm (0.175 inch), a thickness of 3.18 mm (0.125 inch), and
gage length of 8.89 mm (0.35 inch). The width of these weld specimens had to be reduced in order to
insure that the gage section was fabricated entirely of weld metal because of the small size of the
supplied TIG weld. All tensile specimen geometries were consistent with those used in both the IPIRG-
and [PIRG-2 programs. All tensile specimens were manufactured with the tensile axis parallel with the
pipe axis.

All tensile tests were conducted at 300 C (572 F). The quasi-static base metal round-bar specimen tests
were conducted in a screw driven 133 kN (30,000 Ibs) Instron test machine. The strains were measured
using a high temperature MTS extensometer. The flat specimens used in the quasi-static weld
experiments and the dynamic base metal and weld experiments were tested in a 22 kN (5,000 Ib)
servohydraulic test system. The strains in all of these flat specimen tests were measured using a high
temperature clip gage mounted on knife edges that were welded to the integral flags on the specimens.
Note, during IPIRG-1, the strains for the high speed tensile tests were measured using an optical
extensometer. However, through the course of IPIRG-2, it was discovered that this equipment was no
longer producing acceptable strain data. Therefore, a new high speed set-up was developed and tested
for use in IPIRG-2. Load, stroke, strain and time were collected for all tensile tests using LabTech
Notebook data acquisition software, and later reduced using Quatro-Pro software.

2.2.1 Base Metal Results

Table 2.3 summarizes the tensile test results for both the STS410 base metal and the TIG weld. Figure
2.1 shows engineering stress-strain curves for the base metal specimens. True stress-strain curves up to
the onset of necking are shown in Figure 2.2 for these same specimens. (Note, due to limitations with
the strain monitoring systems, especially in the high speed tensile tests, the absolute strain values in the
low strain range should be used with caution. This is readily evident in examining Figures 2.1 and 2.2 in
which dramatically different elastic modulus values are evident for the different strain rates.) From
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Figure 2.1 Engineering stress-strain curves for STS410 base metal specimens
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Figure 2.2 True stress-strain curves for STS410 base metal specimens
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Table 2.3 Tensile test summary for Japanese carbon steel pipe (STS410) ard associated TIG weld

Actual 0.2 Percenm Ultimate
Specimen Strain Offset Yield Tensile Percent
Identification Kate, Strength Strength Elongation
P “  MPa ki MPa ksi
IPF13-TI 4x10* 2158 313 492.6 7.4 285
[PF13-T2 4x10* 2172 315 4937 71.6 283
IPF13-T4 1.0 180.0  26.1 413.0 59.9 485
IPF13-Té 99 224.1 325 4235 61.4 426
IPF13-T7 12.0 2558 371 4178 60.6 41.6
IPF13-T8 1.4 2606 378 430.9 62.5 48.0
IPF16-T2w 4x10* 4799 696 671.6 974 36.3
IPF14-T1w 4x10* 5516 800 715.0 103.7 36.6
IPF16-T3w 12 4200 609 526.1 76.3 333
IPF16-T4w 1.4 4020 583 587.5 85.2 332
IPF14-T2w 1.6 4489  65.1 621.2 90.1 342

Figures 2.1 and 2.2, it can be seen that the strength of this material is sensitive to dynamic effects. As
the strain rate is increased from quasi-static to dynamic rates (nominally ] to 10 sec''), the ultimate
strength is decreased approximately 15 percent while the final elongation is increased approximately 60
percent. As the strain rate was increased from | sec” to 10 sec”’, no significant difference was apparent
in the tensile properties. The change in the tensile properties has been attributed to the material's
susceptibility to dynamic strain aging, DSA (Ref. 2.2).

2.2.2 Weld Metal Results

Figures 2.3 and 2.4 show engineering and true stress-strain curves, respectively, for the weld specimens.
From Figures 2.3 and 2 4, it can be seen that the strength of this material is sensitive to dynamic effects.
As the strain rate is increased from quasi-static to dynamic rates (nominally | sec™'), the ultimate strength
decreased approximately 13 percent and the final elongation decreased approximately 8 percent. As the
strain rate was increased from | sec”' to 10 sec’, a further decrease in tensile strength of 13 percent was
apparent. In addition, the dynamic weld metal high speed tensile specimens exhibited load fluctuations
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(i.e., serrations on the stress-strain curve) during the course of the tests. This phenomena is typical of
ferritic steels that are sensitive to dynamic strain aging (DSA) (Ref. 2.2).

2.3 Fracture Toughness Results

Fracture toughness tests at 300 C (572 F) on side-grooved 1/2T compact tension, C(T), specimens were
conducted on both the base and weld metal per ASTM E1152/E813. The side grooves were 10 percent
of the specimen thickness per side (total of 20 percent) as per the ASTM E1152 test standard. All C(T)
specimens were manufactured without flattening and were fabricated in the L-C orientation, simulating
the growth of a circumferential through-wall crack in a pipe. Both quasi-static and dynamic loading
rates were used in these tests. Standard heater tapes were used to produce the desired test temperature.
All specimens were fatigue precracked according to the specifications in ASTM E1152, The quasi-static
C(T) specimen tests were conducted in a screw driven 133 kN (30,000 Ibs) Instron test machine. The
dynamic C(T) specimens were tested in a 22 kN (5,000 Ib) servohydraulic test system. The crack-
mouth-opening displacement (CMOD) data were measured for all C(T) specimens using a high
temperature MTS clip gage. The d-c electric potential method was used to monitor crack initiation and
crack growth. For the quasi-static tests, the direct current magnitude was adjusted to give a potential of
approximately 400 pV at the start of the test. For the dynamic tests, the current was increased to provide
a starting potential of approximately 4,000 uV. The larger potential for the dynamic tests was used to
minimize the effect of a voltage pulse that is generated within ferromagnetic materials when they are
subjected to dynamic loading rates (Ref. 2.1). Load, stroke, EP and CMOD were collected for all C(T)
tests using the LabTech Notebook data acquisition software, and later reduced using Quatro-Pro
software.

2.3.1 Base Metal Results

Table 2.4 shows a summary of the toughness results for both the base and weld metals. F igure 2.5 shows
the J-R curves for the STS410 base metal. As can be seen, the effect of strain rate on the fracture
toughness of this material is minimal. The C(T) specimens which were loaded at the fastest rate, i.e.,
crack initiation in 0.2 seconds, had an average J value at crack initiation (J,) approximately 25 percent
higher than the average J, value for the quasi-static specimens and the dynamic specimens whose cracks
initiated in approximately 10 seconds. Furthermore, the specimens whose crack initiated in about 1¢
seconds seem to have a slightly lower resistance than the other specimens; however, even these
specimens fall within a reasonable scatter band of the others. None of the specimens tested exhibited
crack instabilities during the course of the tests. Such crack instabilities would be indicative of severe
dynamic strain aging (Ref. 2.2).

2.3.2 Weld Metal Results
Figure 2.6 shows the J-R curves for the TIG weld in the STS410 pipe. As with the base metal, the weld
metal seems to show no significant toughness sensitivity to increasing strain rate. There seems to be

some sensitivity in J, i.e., as the strain rate is increased the value of J at crack initiation is decreased.
Also, the value of dJ/da is increased as the strain rate is increased. However, this could be scatter in
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Table 2.4  Summary of C(T) specimen fracture toughness results for Japanese STS410

base metal and TIG welds
T to Crack J 43y/da
Specimen Initiation,
Identification second Ib/in kN/m Ib/in’ MN/m’
IPF13-1 600 2,224 389.5 32,273 222.5
IPF13-2 600 2,101 367.9 29,207 2014
IPF13-4 10 2,199 385.1 25,778 172.7
IPF13-5 0.2 2,897 507.4 25,666 177.0
IPF13-6 02 2,545 4457 29,042 200.2
IPF13-7 10 2,257 395.3 24,015 165.6
IPF16-1w 600 4,754 832.6 26,272 181.1
IPF16-2w 600 3,936 689.3 34,942 240.9
IPF16-3w 10 2,346 4108 52,119 359.4
IPF16-4w 10 2,619 458.7 51,331 3539
IPF16-5w 02 3,642 637.8 46,637 321.6
IPF16-6w 0.2 2,483 4348 51,430 354.6

the data, since the selection of crack initiation from electric potential data is sometimes very difficult.
As with the base metal, none of the specimens tested exhibited crack instabilities during the course of the
tests indicating that this weld is probably not highly sensitive to dynamic strain aging.

2.4 Summary of Effect of Dynamic Loads on Material Properties

The two materials investigated in this effort, an STS410 carbon steel and an STS410 carbon steel TIG
weld, showed similar responses to increased displacement rates in mechanical property tests. Both
materials, because of their susceptibility to dynamic strain aging, showed marked effects of strain rate in
tensile tests, The tensile strength was decreased as the strain rate increased in both cases. The final
elongation increased with increasing strain rate in the base metal, but decreased with increasing strain
rate in the weld material.

NUREG/CR-6438
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With respect to fracture toughness, the effect of increasing the displacement rate for both materials was
minimal. Some very slight differences were seen in the J-R curves, especially near crack initiation, but a
distinct change in properties was not apparent.

The small change in fracture resistance at increasing displacement rate is somewhat surprising since the
tensile strength was decreased significantly. In Reference 2.1, specimens that were made from Pipe
DP2-F29 material, showed both a decrease in tensile strength as well as a decrease in fracture toughness
with increasing displacement rates. However, specimens from Pipe DP2-F30 showed that the tensiie
strength was reduced as the strain rate was increased, but only a modest change in fracture toughness was
observed as the displacement rate was increased. Finally, for a low toughness submerged-arc weld
(SAW) in Pipe DP2-F29 (i.e., weld DP2-F29W), dynamic testing significantly raised the J-R curve. The
reason for the different response to increasing strain rate in carbon steels, is not fully understood at this
time. It has beer hypothesized that the differences may come from the way the interstitial atoms react
with the dislocation structure at elevated temperatures to produce the many different effects associated
with dynamic strain aging.

2.5 References

2.1 Marschall, C. W, Landow, M. P., and Wilkowski, G. M., "Loading Rate Effects on Strength and
Fracture Toughness of Pipe Steels Used in Task 1 of the IPIRG Program," NUREG/CR-6098,
BMI-2175, October 1993,

2.2 Marschall, C. W,, Rosenfield, A. R, Held, P., and Wilkowski, G. M., "A Screening Criterion for
Dynamic Strain Aging Sensitivity of Ferritic Nuclear Piping Steels," ASME PVP Vol. 280, pp
199-206, June 1994.
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3.0 PIPE EXPERIMENTS

PIPE EXPERIMENTS

This section discusses the four 152-mm (6-inch) nominal diameter, displacement-controlled, through-
wall-cracked (TWC) pipe experiments. The test specimen preparation, test setup, and test procedures
were the same for all four experiments. The only difference between experiments was the crack location
(base metal versus center of the weld) and load history. The test matrix for the four pipe experiments
conducted in four-point bending is shown in Table 3.1.

Table 3.1 Test conditions for Japanese STS410 carbon steel pipe tests

Base Metal Weld Metal
Base Metal Dynamic Dynamic Base Metal
Dynamic Cyclic Cyelic Quasi-static
Monotonic R=-1 R=-1 Monotonic
Experiment Number 42-1 42-2 4.2-3 3.3-1
Specimen Number IP-F10 IP-F11 IP-F12 IP-F13
Actual Pipe Diameter  168.3 mm 165.6 mm 166.2 mm 166.0 mm
(6.625 inches)  (6.520 inches) (6.545 inches)  (6.535 inches)
Actual Pipe Wall 14.5 mm 14.5 mm 144 mm 14.5 mm
Thickness (0.570 inches) (0.571 inches) (0.566 inches)  (0.569 inch)
Crack Location Base Metal Base Metal Weld Metal Base Metal
Total Through-Wall 60 degrees 60 degrees 60 degrees 60 degrees
Crack Length
Test Temperature 300C 300C 300C 300C
(572 F) (572 F) (572 F) (572 F)
Load History Dynamic Dynamic Dynamic Quasi-static
Monotonic Cyclic (R=-1) Cyclic Monotonic
Four-Point Four-Point Four-Point Four-Point
Bending Bending Bending Bending
Target Loading Rate 25 mm/second 25 mm/second 25 mm/second  0.07 mm/sec
(1 inch/sec) (1 inch/sec) (1 inch/sec) (0.003inch/sec)
Outer Loading Span 1.524 m 1.524 m 1.524 m 1.524d m
(60 inches) (60 inches) (60 inches) (60 inches)
Inner Loading Span 0610m 0610m 0610m 0610m
{24 inches) (24 inches) (24 inches) (24 inches)

3-1
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3.1 Test Procedures

3.1.1 Description of Test Facility

Figure 3.1 is a schematic of the test configuration used for these four experiments. This test
configuration is identical to the test configuration used in the cyclic through-wall-cracked pipe
experiments conducted as part of Subtask 1.2 of the IPIRG-1 program (Ref. 3.1). Note, in between
Experiments 4.2-1 and 4.2-2, it was discovered that some of the plastic inserts/washers used to
electrically isolated the top half of the load frame for electric potential measurements were cracked. As a
result, new inserts/washers were fabricated for the last three experiments. Prior to the conduct of
Experiment 4.2-2, i.e., the dynamic cyclic, base metai experiment, the machine compliance of the test
frame with both the old and new inserts was measured using an uncracked section of pipe. The machine
compliance with the old inserts was found to be 1.435 x 10 m/kN (2.513 x 10* in/Ib). The machine
compliance with the new inserts was found to be 1.127 x 10 m/kN (1.974 x 10 in/1b).

3.1.2 Test Specimen Preparation

The test specimens for each of the four pipe experiments was a section of 152-mm {(6-inch) nominal
diameter, Schedule 120, STS410 carbon steel pipe supplied to Battelle by Hitachi. The Battelle pipe
identification numbers for these sections of pipe were IP-F10 through IP-F13. The overall lengths of the
pipe samples were 2.1 m (7 feet). For Experiment 3.3-1, a 305 mm (12 inch) section of IP-F13 was
welded to two 914 mm (36 inch) sections of [P-F10. The initial machined through-wall crack for
Experiments 4.2-1, 4.2-2 and 3.3-1 was in the base metal of Pipe Sections IP-F10, [P-F11 and IP-F13,
respectively. The initial machined through-wall crack for Experiment 4.2-3 was in the center of a shop
fabricated tungsten-inert-gas (TIG) weld joining two pieces of STS410 pipe. The pipe identification
number for this welded pipe section was IP-F12. There was essentially no weld crown on the outside
diameter, but there was a significant weld crown on the inside diameter. In addition to the pipes used in
the pipe experiments, Hitachi also supplied four shorter lengths of pipe from the same heat of pipe for
use in the material characterization studies. The Battelle pipe identification numbers for these sections
of pipe were IP-F13 through IP-F16. The 305 mm (12 inch) section of IP-F13 used in Experiment 3.3-1
was a remaining section from the base metal material property evaluation pieces that was not used.
Three of these shorter sections of pipe (i.e., IP-F14, IP-F15, and IP-F16) contained girth welds which
were fabricated using the same procedures as the girth weld tested in Pipe Experiment 4.2-3. Tensile and
C(T) specimens were fabricated from the girth welds in Pipes IP-F14 and IP-F16.

The machined through-wall flaws in these pipe experiments were introduced into the pipe samples using
electiic discharge machining (EDM) techniques. For each experiment, the length of the EDM notch was
81.3 mm (3.2 inches) as measured along the outside pipe surface. This was 15.4 percent of the pipe
circumference, i.e., 55 degrees. The flawed test specimen was then loaded in Battelle's 580 kN (130 kip)
MTS fatigue machine using the same four-point bend fixturing as used in the IPIRG-1 Subtask 1.2
displacement-controlled cyclic pipe experiments, see Figure 3.1. Prior to the actual experiments, the
EDM flawed pipes were precracked in four-point bending using a minimum and maximum load of
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Figure 3.1 Schematic of test apparatus

7.56 kN (1,700 Ibs) and 75.6 kN (17,000 Ibs), respectively. The calculated AK values for this crack
length, and this load range, using Sander's K -solution for a through-wall-cracked pipe (Ref. 3.2) was
approximately 46 MPav" m (40 ksiv" inch). The test specimen was cyclically loaded until the cracks
had extended 2.54 mm (0.1 inches) at both crack tips such that the crack lengths of the fatigue
precracked test specimens were 16.7 percent of the pipe circumference, i.c., 60 degrees. The number of
cycles required to sharpen and grow the four cracks ranged from 10,200 to 46,250 cycles. This
precracking load turned out to be 38 to 44 percent of the maximum load, which is close to the ASTM
E1152 recommendation of precracking at less than 50 percent of the limit load.

3.1.3 Loading Conditions

The test specimens were loaded in four-point bending without internal pipe pressure. The inner and
outer spans for the four-point bending were 610 mm (24 inches) and 1,524 mm (60 inches), respectively.
The test temperature for each experiment was 300 C (572 F).

The quasi-static, monotonic base metal experiment (Experiment 3.3-1) was conducted in three stages.
However, since this was a slow test, the pipe was not loaded to a set displacement. During the first stage,
the pipe was loaded to just beyond maximuni load and unloaded. The pipe was then loaded and

unloaded two more times after sufficient crack growth had occurred.

The dynamic monotonic base metal experiment (Experiment 4.2-1), was also conducted in three stages.
During the first stage, the test specimen was loaded to a displacement of 25 mm (1 inch) at a target
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loading rate of 25 mm/second (1 inch/second). During the second and third stages, the test specimen was
loaded another 51 mm (2 inches) during each load cycle for a total displacement for the three load cycles
of 127 mm (5 inches). For the second and third stages of loading, the target loading rate was again 25
mm/second (1 inch/second). In between each loading cycle, the test specimen was unloaded to mark the
fracture surface.

The two cyclic displacement-controlled experiments, Experiments 4.2-2 and 4.2-3, were cuntrolled using
a BASIC computer program written for the cyclic pipe tests from Subtask 1.2 of IPIRG-1 (Ref. 3.1).
This program performs the fully reversed loading (R = -1) by loading the specimen to a prescribed
displacement, recurding the peak load, and then loading the specimen in compression to the negative
value of the previous peak load value. These loading/unloading cycles were continued throughout the
experiment. The target loading scheme in Table 3.2 was used during these tests.

Table 3.2 Target loading scheme for dynamic, cyclic experiments

Loading No. 6.,/0, No. of cycles
1 0.1 25
2 0.025 20
3 02 10

The quantity &_,./8, is the ratio of the cyclic displacement increment (&,y.), as illustrated in Figure 3.2, to
the displacement at crack initiation (8,) for the dynamic, monotonic experiment, Experiment 4.2-1.

3.1.4 Instrumentation, Data Acquisition, and Data Reduction
The same instrumentation scheme was used for all four experiments. Table 3.3 lists the data collected

during these experiments. Figure 3.3 illustrates the specific location of the instrumentation on the pipe in
relation to the through-wall crack.

Table 3.3 Pipe fracture data collected in Experiments 4.2-1, 4.2-2, 4.2-3, and 3.3-1

® Total applied load

® Load-line displacement

® d-c EP measurements at each crack tip and at the crack centerline

® Crack-mouth-opening displacement at each crack tip and the
crack centerline

® Pipe rotation on one side of the through-wall cracked pipe

® Pipe temperature at 6 locations on the outside pipe surface
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At the actuator location, the applied displacement was measured using an LVDT. Signal conditioning
for the LVDT was accomplished using an AC signal conditioner incorporated into the MTS servo-
hydraulic control console. In addition to being a measured output signal, the actuator displacement was
also the feedback signal for the servo-controller.

At the actuator location, the applied force was measured directly using a strain-gage-based load cell of
890 kN (200 kip) capacity, manufactured by the Lebeau Corporation. The load-cell output was
conditioned by a d-c signal conditioner module in the servo-hydraulic control console.

Crack initiation and crack growth data were collected using several direct-current electric potential (d-¢
EP) probes, i.e., one at the crack centerline and one at each crack tip. The base metal reference electric
potential probes were located about 101.6 mm (4 inches) from the plane of the crack and were spaced
38.1 mm (1.5 inches) apart. The probes for the electric potential measurements were the iron wire of an
iron-constantan (Type J) thermocouple. Voltages developed at the EP probes were amplified by Ectron
751 EL-M563 amplifiers.

The current source for the d-c EP measurements was an Exide Dynacell SD70 battery, which supplies up
to 16,000 amperes of current at 1.75 volts when short circuited. This large current supply was used since
dynamically loaded ferritic steel specimens generate a piezoelectric voltage which interferes with the d-c
EP data needed for crack initiation determination. The large current makes the piezoelectric voltage
negligible with respect to the actual signal to be measurad.

The crack section rotation data were measured using an LVDT based device for the three dynamic
experiments. Figure 3.4 illustrates the details of the LVDT arrangement used to determine the crack
section rotations. For the quasi-static experiment (Experiment 3.3-1), inclinometers were used to
measure crack-section rotation.

Crack-mouth-opening displacements (CMOD) were measured across the crack centerline and at each
crack tip using clip gages which were calibrated prior to the experiments to 25.4 mm (1.0 inch) of
displacement.

Experimental data were collected using a 486-series personal computer (PC) using sampling rates of |
kHz for the dynamic, monotonic experiment, 200 Hz for the two dynamic, cyclic experiments and 1 Hz
for the quasi-static, monotonic experiment. A 24 channel Racal Fiv tape recorder was used as a backup
in the event there was a problem with the primary PC based system. Labtech Notebook data acquisition
and control software was used to collect and assemble the data during each experiment.

Data reduction and graphing of all data were performed using Quatro Pro software. The data reduction
included converting voltages to engineering units, calculating derived data from the raw data, and
generating plots f the results. Crack initiation was determined by examining the d-c electric potential
signal at each crack tip as a function of the crack-mouth-opening displacement at each tip. A departure
from linearity has been shown to indicate the onset of ductile tearing. An example of crack initiation
detection is shown in Figure 3.5. During fully reversed loadings, the detection of crack initiation using
the d-c electric potential method is very difficult. For the cyclic experiments, the data points
corresponiding the upper envelope of the load-displacement curve were plotted. An example of this plot
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Figure 3.4 Rotation device for Experiments 4.2-1, 4.2.2, and 4.2-3
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Figure 3.5 Normalized east crack tip electric potential versus east crack tip crack-mouth-opening
displacement for Experiment 4.2-1
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1s shown in Figure 3.6. The cycle where the slope of the EP versus CMOD data increased was labeled
the initiation cycle. The data corresponding to all positive, increasing loads was then plotted for a few
cycles that surrounded the initiation cycle. A distinct change in the slope of this d-c EP versus CMOD
curve in the initiation cycle was labeled the initiation point. An example of this method of crack
initiation detection is shown in Figure 3.7.

The existing d-c EP versus circumferential crack growth calibration curve could not be used since the
initial circumferential cracks grew in a helical direction. This typically occurs due to toughness
anisotropy in ferritic steel pipes where the toughness is lower in the axial or sometimes the helical
direction (Ref. 3.3). Hence, a calibration curve was developed specific to each experiment from the d-c
electric potential at the crack centerline and the crack closure marks on the fracture surface. An equation
of the following form was used to fit the measured crack lengths from the crack closure marks with the
measured electric potential data:

e / / EPG / EPC 2 / EPC 3
-— A ¢ BYlet) ¢ CUYet) ¢+ DYt .
n (EP.) (EP,) (EP.) G-1)

where 6/7 is a normalized average crack length projected back to the circumferential plane, and EPJ/EPy
is the centerline electric potential data normalized by the base metal electric potential. The crack
centerline electric potential data were fit to the measured crack length data using the Sigma Plot curve
fitting software. When the curve fits were developed, the only constraint used was that at zero crack
growth, the centerline electric potential was set to the initiation value found. Table 3.4 shows the
calculated values of the constants from Equation 3.1 for the four pipe experiments.

Table 3.4 Empirical constants for relating electric potential data to crack length data

Experiment
Number A’ B’ C’ D’
4.2-1 0 0.1446022 -0.016703 0.0008748
42-2 0 0.0730083 -0.003674 0.00091342
4.2-3 0.05647 0.035604 -7.108 x 10* 4978 x 10*
3.3-1 0 0.2457 -0.0664 0.0128

The calculated moments were based on the geometry of the loading arrangement, dimensions of the pipe,
total applied loads, and the load-point displacements. Kinematic corrections for the relatively short
moment arm lengths and large deformations were made for the loading arrangement used in these

experiments.
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The rotation due to the crack was calculated from the LVDT and its support geometry.

3.2 Results from Pipe Experiments

The key results from the four pipe fracture experiments conducted as part of this effort are presented in
this section of the report. A summary of the key results is presented in Table 3.5. Included in Table 3.5
are the experiment number, pipe dimensions, crack location, loading history, crack size, quasi-static
material property data (i.e., yield strength, ultimate strength, and value of J at crack initiation from a
C(T) specimen), moment at crack initiation, maximum moment, and test machine compliance.

3.2.1 Experiment 4.2-1

Figure 3.8 is a plot of the crack section moment data as a function of the crack section rotation data for
Experiment 4.2-1. The moment data shown in this figure, and reported throughout this report, have been
kinematically corrected to account for the relatively large displacements and short moment arm lengths.
The rotation data shown in this figure, and elsewhere in this report, are the half rotation angle (¢), i.e.,
the average rotation of the pipe to its initial horizontal position, see Figure 3.8. From Figure 3.8, the
maximum moment for this experiment was 84.08 kN-m (744,200 in-lbs).

Figures 3.9 and 3.1C are plots of the normalized electric potential (EP) data at the east and west crack
tips, respectively, (normalized to the base metal electric potential data), as a function of the crack-mouth-
opening displacements (CMOD) at their respective crack tips. From Figures 3.9 and 3.10, it can be seen
that there is a distinct increase in slope for both of these figures at a CMOD level of approximately 2.5
mm (0.1 inch). This increase in slope of the EP versus CMOD data is indicative of crack initiation.
Knowing that the CMOD at the two crack tips was approximately 2.5 mm (0.1 inch), we can see from
Figure 3.11 that the CMOD at the crack centerline at crack initiation was approximately 3.87 mm (0.152
inch). With that piece of data, the crack-section moment versus crack centerline CMOD data plot, see
Figure 3.12, can be used 1o establish the moment value at crack initiation as being 68.68 kN-m (607,900
in-1bs). This is 81.7 percent of the maximum moment for the experiment, i.e., 84.08 kN-m (744,200 in-
Ibs).

Figure 3.11 is a plot of the crack-mouth-opening displacements at the crack centerline and both crack
tips as a function of the pipe displacement at the load points for this experiment. (Note, the load-point
displacement is the load-line displacement measurec from the LVDT in the load train, corrected for the
test machine compliance.) These CMOD data used in conjunction with the crack growth data can be
used to verify crack-opening-area (COA) analyses to be used in leak-rate analyses for leak-before-break
(LBB) considerations.

Figure 3.13 is a plot of the through-wall-crack growth as a function of the pipe displacement at the load
points for Experiment 4.2-1. The through-wall-crack growth data shown in Figure 3.13, and reported
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Table 3.5 Summary of key results from Experiments 4.2-1, 4.2-2, 4.2-3, and 3.3-1

Experiment Number 4.2-1 4.2-2 4.2-3 3.3-1
Experiment Moment at Crack Initiation, kN-m 68.68 63.50 83.20 71.32
Experimeni Maximum Moment, kN-m 84.08 78.44 87.98 92.76
Quasi-Static Yield Strength, MPa 221.0 (a) 221.0(a) 516.0 (b) 221.0 (a)
Quasi-Static Ultimate Strength, MPa 493.0 (a) 493.0 (a) 693.0 (b) 493.0 (a)
Quasi-Static J at Initiation, kN/m 378.6 (a) 378.6 (a) 760.9 (b) 378.6 (a)
Crack Location Base Metal  Base Metal Weld Metal  Base Metal
Number of Cycles to Crack Initiation N/A® 8 13 N/A
Number of Cycles to Maximum Moment N/A 14 13 N/A
Loading Rate'® DYN DYN DYN Qs
Load Ratio (Min/Max)* Mono R=-.] R =1 Mono

Load-Line Displacement Increments between

Cycles, mm
First Loading Block N/A 1.6002 1.6002 N/A
Second Loading Block N/A 0.8001 0.8001 N/A
Third Loading Block N/A 3.2004 3.2004 N/A
Measured Outside Pipe Diameter, mm 168.3 165.6 166.2 166.0
Measured Wall Thickness, mm 14.5 14.5 144 14.5
Total TWC Length, Percent of 16.67 16.67 16.67 16.60
Circumference
Machine Compliance, mm'kN 0.01435 0.01127 0.01127 0.01127
(a) Base metal.
(b) Weld metal.

(c) N/A = Not applicable.
(d) DYN = dynamic, QS = quasi-static.
(e) Mono = monotonic (R = 1).
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Figure 3.8 Moment versus half rotation for Experiment 4.2-1
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Figure 3.9 Normalized east crack tip electric potential versus east crack tip
crack-mouth-opening displacement for Experiment 4.2-1
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Figure 3.10 Normalized west crack tip electric potential versus west crack tip
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for Experiment 4.2-1
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points for Experiment 4.2-1

NUREG/CR-6438 3-14



Section 3 PIPE EXPERIMENTS

throughout this report, represent the average crack growth from the two crack tips projected back onto
the circumferential plane. There were no crack instabilities, i.e., unstable crack Jumps, during this pipe
experiment.

3.2.2 Experiment 4.2-2

Figure 3.14 is a plot of the crack section moment as a function of the crack section rotation data for the
first two loading blocks of Experiment 4.2-2.

Figures 3.15 and 3.16 are plots of the upper envelope of the normalized EP at the east and west crack
tips, respectively, (normalized to the base metal electric potential data), as a function of the CMOD at
their respective crack tips. (Note, only the data corresponding to the upper envelope of the load-
displacement record are shown in these figures ) From Figure 3.15, it can be seen that there is an
increase in slope of the EP-CMOD curve at a CMOD level of approximately 1.7 mm (0.067 inch) during
Cycle 8 at the east crack tip. From Figure 3.16, an increase in slope at a CMOD level of approximately
2.25 mm (0.09 inch) during Cycle 9 at the west crack tip can be seen. This increase in slope of the EP
versus CMOD data is indicative of crack initiation. From these upper envelope figures, it appears that
crack initiation occurred between Cycles 7 and 9 at both the east and west crack tips.

Figures 3.17 and 3.18 are plots of the normalized electric potential at the east and west crack tips,
respectively, (normalized to the base metal electric potential data), as a function of the crack-mouth-
opening displacements at their respective crack tips. Only the data corresponding to positive increasing
moments are shown in these figures. A change in slope during Cycle 8 is shown in both of these figures.
Therefore, it was concluded that the east crack tip initiated at a CMOD level of approximately 1.0 mm
(0.04 inch) during the eighth cycle, while the west crack tip initiated at a CMOD level of approximately
0.78 mm (0.03 inch) during the eighth cycle. The conclusion that the crack initiated during the eighth
loading cycle is supported by observation of the video for this experiment which indicates that the east
crack tip initiated on the eighth loading cycle.

Figure 3.19 is a plot of the crack-mouth-opening displacement at the crack centerline and both crack tips
versus the pipe displacement at the load points for this experiment. Only data corresponding to
increasing positive moment values for Cycle 8 are shown in this figure. From this figure, the crack
center CMOD value associated with the west crack tip iitiation is 1.0 mm (0.04 inch), while the crack
center CMOD value associated with the east crack tip initiation is 1.25 mm (0.05 inch).

Figure 3.20 is a plot of the crack section moment data as a function of the crack-mouth-opening
displacement at the crack centerline®. Using Figure 3.20, the applied moment when the west crack tip
initiated is found to be 62.2 kN-m (550,500 in-Ibs), while the applied moment when the east crack tip
initiated is found to be 64.8 kN-m (573,600 in-lbs). The average moment at crack initiation for this
experiment is 63.5 kKN-m (562,000 in-Ibs). This is 81.0 percent of the maximum moment for this
experiment, i.e., 78.44 kKN-m (694,282 in-lbs).

(*) Only data corresponding to the upper envelope of the load-displacement record are shown in this figure.
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Figure 3.16 Upper envelope of the normalized west crack tip electric-potential
data versus west crack tip crack-mouth-opening displacement

data for Experiment 4.2-2

1.8

1.67
=
£ 141
=
$
@ 1.21 9
o
&
2 )
™ 8
& - 7
& 0.8

0.6 Blunting Line

Crack Initiation
04 - - -+ ' ' , .
-1 -0.5 0 0.5 1 1.5 2 25 3

CMOD - East tip, mm
Figure 3.17 Normalized east crack tip electric-potential versus east crack tip

crack-mouth-opening displacement for Experiment 4.2-2 (only
data corresponding to positive increasing moments are shown)

3-17 NUREG/CR-6438



Section 3

PIPE EXPERIMENTS
1.8
1.67
10
g .44
4
® .29 g
& 7A
[
- 14 8
: -
& 0.84 7
3
1 6
0.6 Crack Initiation
0.4 /-z . ; . : . y
-1 0.5 0 05 | 1.5 2 2.5 3

CMOD - West tip, mm

3.5

Figure 3.18 Normalized west crack tip electric-potential versus west crack tip crack-mouth-
opening displacement for Experiment 4.2-2 (ouly data corresponding to positive

increasing moments are shown)

2.3

TI.S

West CMOD, mm

East CMOD, mm

+0.5

-0.5

6
Load-Point Displacement, mm

4

10

Figure 3.19 Crack-moutb-opening d:splacements versus the pipe displacement at the load points
for Experiment 4.2-2 (only data corresponding to increasing positive moment values

for Cycle 8 are shown)

NUREG/CR-6438

3-18



Section 3 PIPE EXPERIMENTS

\\.

504

40

30+

Moment, kN-m

1 ' v - . . v
-1 0 1 2 3 4 5 6 7
CMOD, Center, mm

Figure 3.20 Moment versus crack center crack-mouth-opening displacement
for Experiment 4.2-2 (only data corresponding to the upper

envelope are shown)
250
-
Note: Crack extensions are per tip g:""ﬂ
E Calculated
- 200
§
g
& 1501
-
g
o
£ 1o
£
f s
<
(4 — -

O 10 20 30 40 S0 60 70 8 90
Load-Point Displacement, mm
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Figure 3.21 is a plot of the through-wall-crack growth as a function of the pipe displacement of the load
points for Experiment 4.2-2. The through-wall-crack growth data represent the average crack growth
from the two crack tips projected back onto the circumferential plane. There were no crack instabilities,
i.e., unstable crack | mps, during the course of this experiment.

3.2.3 Experiment 4.2-3

Figure 3.22 is a plot of the crack-section moment as a function of the crack-section rotation data for the
first two loading blocks for this experiment.

Figure 3.23 is a plot of the upper envelope of the normalized electric potential at the east crack tip
[normalized to a remote reference (base-metal) electric-potential data) as a function of the crack-mouth-
opening displacement at the east crack tip. (Note, only the data corresponding to the upper envelope of
the load-displacement record are shown in this figure.) Figure 3.24 is a plot of the normalized EP at the
west crack tip (normalized to the base metal electric potential data) as a function of the pipe
displacement at the load points. The CMOD at the west tip was not used because the west crack tip
CMOD data were noisy at the point of crack initiation. (Note, only the data corresponding to the upper
envelope of the load-displacement record are shown in these figures.) From Figure 3.23, it can be seen
that there is an increase in slope at an east crack tip CMOD level of approximately 4 mm (0.16 inch) on
the 12th loading cycle. From Figure 3.24, it can be seen that there is an increase in slope at a pipe
displacement at the load point of approximately 17 mm (0.67 inch) during the 12th loading cycle. This
increase in slope of the EP versus displacement data is indicative of crack initiation. From these upper
envelope figures, it appears that crack initiation occurred near Cycle 12 at both the east and west crack
tips.

Figure 3.25 is a plot of the normalized electric potential at the east crack tip [normalized to the remote
reference (base-metal) electric-potential data] as a function of the CMOD at the east crack tip. Figure
3.26 is a plot of the normalized EP at the west crack tip [normalized to the remote reference (base-metal)
electric-potential data) as a function of the pipe displacement at the load points. Only the data
corresponding to positive increasing loads are shown in these figures. A distinct change in slope during
Cycle 13 is shown in both of these figures. From Figure 3.25 it was concluded that the east crack tip
initiated at a CMOD level of approximately 2.95 mm (0.12 inch) during Cycle 13. From Figure 3.26, it
was concluded that the west crack tip initiated at a pipe displacement at the load point of approximately
11.7 mm (0.46 inch) during Cycle 13. This conclusion that the crack initiated during the 13th loading
cycle is supported by observation of the video for this experiment which indicates that the east crack tip
initiated on the 13th loading cycle.

Figure 3.27 is a plot of crack-mouth-opening displacement at the crack centerline and east crack tip
versus the pipe displacement at the load points for this experiment. Only the data corresponding to
increasing positive loads for Cycle 13 are shown in this figure. From this figure, the centerline CMOD
values associated with the east and west crack tip initiations are 2.95 mm (0.12 inch) at the east crack tip
and 3.46 mm (0.14 inch) at the west crack tip.
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Figure 3.28 is a plot of the . «ck section moment data as a function of the crack-mouth-opening
displacement at the crack .« erline. Using Figure 3.28, the applied moments when the west and east
crack tips initiated are founa 10 be 83.5 kN-m (739,200 in-Ibs) and 82.9 kN-m (733,800 in-Ibs),
respectively. The average moment value at crack initiation for the two crack tips is 83.2
kN-m(736,400 in-Ibs). This is 94.5 percent of the maximum moment for this experiment, i.e., 87.98
kN-m (778,700 in-Ibs).

Figure 3.29 is a plot of the through-wall crack growth as a function of pipe displacement at the load
points for Experiment 4.2-3. The through-wall-crack growth data shown in Figure 3.29 represent the
average crack growth from the two crack tips projected back into the circumferential plane. For this
experiment, as for the others, there were no unstable crack jumps.

3.2.4 Experiment 3.3-1

Figure 3.30 is a plot of the crack-section moment data as a function of the crack-section rotation data for
Experiment 3.3-1 The moment data shown in this figure have been kinematically corrected to account
for the relatively large displacements and short moment-arm lengths. The rotation data shown in this
figure are the half rotation angle (), i.e., the average rotation of the pipe with respect to its initial
horizontal position, see Figure 3.30. From Figure 3.30, the maximum moment for this experiment was
92.76 KN-m. (821,000 in-lbs).

Figures 3.31 and 3.32 are plots of the normalized eletric potential data at Crack Tip A and Crack Tip B,
respectively, (normalized to the base metal electric potential data), as a function of the crack-mouth-
opening displacements at their respective crack tips. From Figures 3.31 and 3.32, it can be seen that
there is a distinct increase in slope for both of these figures at a CMOD level of 2.69 mm (0.11 inch) for
Crack Tip A and 2.95 mm (0.12 inch) for Crack Tip B. This increase in slope of the EP versus CMOD
data is indicative of crack initiation. Knowing that the CMOD at crack initiation at Crack Tip A was
2.69 mm (0.11 inch), the CMOD at the crack centerline at crack initiation was found to be approximately
3.99 mm (0.16 inch), see Figure 3.33. With that piece of data, the crack section moment versus crack
centerline CMOD data plot, see Figure 3.34, can be used to establish the moment value at crack initiation
as being 71.32 kKN-m (631,300 in-Ibs). This is 76.9 percent of the maximum moment for the experiment,
i.e., 92.76 KN-m (821,000 in-lbs).

Figure 3.35 is a plot of the through-wall-crack growth as a function of the pipe displacement at the load
points for Experiment 3.3-1. The through-wall-crack growth data shown in Figure 3.35 represent the
average crack growth from the two crack tips projected back onto the circumferential plane. There were
no crack instabilities, i.e., unstable crack jumps, during this pipe experiment.

NUREG/CR-6438 3-24



Section 3

Moment, kM ™

PIPE EXPERIMENTS

90
YR Fettnd Sty oo o dor oottt dr T
1]
70
! Maxamurn Moment =
0+ H B87.98 kN-m
50- | Moment at West Crack
! Tip Inibabon = A3 51 kN-m
40 ?
i
30+ '
'
204 |
"
104 '
0 5
295 mm | 346 mm
.10 “ . S - e -
-1 0 | 2 3 - 5 6

CMOD Crack Center, mm

Figure 3.28 Crack section moment versus crack center crack-mouth-opening displacement for
Experiment 4.2-3 (only data corresponding to the upper envelope are shown)

Average Projected Crack Growth, mm

160

G

o
S
s

g

20
(=]
1

2

§

L
=]
1

Note: Crack growth measurements are per tip

0 40 S0 60 70 80

Load-Point Displacement, mm

90

Figure 3.29 Average projected crack growth per crack tip versus the pipe displacement at the load
points for Experiment 4.2-3

NUREG/CR-6438



PIPE EXPERIMENTS Section 3

e Maxamum Moment = 92 76 kN-m

-r

0 0.0 0.1 0.15 02 025
Half Rotation (), radians

Figure 3.30 Crack section moment versus half rotation for Experiment 3.3-1

l-!

o
o
i

-
-
-
ar
-
-

-
“‘
~e

(=]
o
4

EP Tip A / EP Base Metal
o
L=

Tip A CMOD at crack isitation = 2.69 mm
0.2

T u Y T

0 2 4 6 ¢ 10 12 14 16
CMOD Tip A, mm

Figure 3.31 Normalized d-c electric potential at Crack Tip A versus crack-mouth-opening
displacement at Crack Tip A for Experiment 3.3-1

NUREG/CR-6438 3-26



Section 3 PIPE EXPERIMENTS

ld

o
o
i

EP Tip B / EP Base Metal
(=]
>

. -~ Blunting line
0.44
0.24 Tip B CMOD at crack initiation = 2.95 mm
c ¥ v ’ b X L ., 4
0 2 < 6 8 10 12 14 16
CMOD Tip B, mm

Figure 3.32 Normalized d-c electric potential at Crack Tip B versus crack-mouth-opening
displacement at Crack Tip B for Experiment 3.3-1

Centerline CMOD at crack initiation = 3.99 mm

T T

0 2 4 6 8 10 12 14 16
Pipe Displacement at the Load Point, mm
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4.0 ANALYSIS OF PIPE FRACTURE EXPERIMENTS

In this section of the report, the results of a limited series of analyses of the pipe fracture experiments
conducted as part of this effort will be presented. The analysis efforts consisted of: (1) comparing the
experimental crack initiation moments and maximum moments with predictions based on available
fracture prediction models, and (2) calculating J-R curves for the pipe experiments using the n-factor
method.

4.1 Comparison of Results with Fracture Prediction Analyses

The crack initiation moments and maximum moments from the four pipe fracture experiments will be
compared with predictions of initiation and maximum moments using a number of fracture prediction
models. The experimental moments at crack initiation will be compared with predictions from the:
GE/EPRI method, Ref. 4.1,
LBB.ENG2 method, Ref. 4.2, and

R6 Revision 3 Option | method, Refs. 4.3, 4.4, and 4.5.

The experimental maximum moments will be compared with predictions based on the:
Net-Section-Collapse (NSC) analysis, Refs. 4.6 and 4.7,
Dimensionless-Plastic-Zone-Parameter (DPZP) analysis, Ref. 4.3,
GE/EPRI method, Ref. 4.1,

LBB ENG2 method, Ref. 4.2, and
R6 Revision 3 Option | method, Refs. 4.3, 4.4, and 4.5.

In making predictions for the three base-metal crack pipe experiments (Experiments 4.2.1, 4.2.2 and
3.3-1), quasi-static base metal tensile and J-R curve data were used. In making predictions for the weld
metal experiment (Experiment 4.2-3), quasi-static tensile properties for the base metal and quasi-static
J-R curves for the weld metal were used. Dynamic material property data were not used in any of these
analyses. Rarely would such data be available for an actual plant piping analysis. Throughout this
assessment, the flow stress has been defined as the average of the yield and ultimate strengths. For the
J-estimation schemes, i.e., GE/EPRI and LBB.ENG2, and R6 predictions, the material stress-strain
behavior was modeled using 2 Ramberg-Osgood relationship where the fit of the data was chosen as that
segment of the stress-strain curve which would result in the highest correlation constant. The fit of the
stress-strain data to the Ramberg-Osgood equation was made using a Battelle-written computer program,
ROFIT. The equation was fit to data in the range from 1-percent strain to the strain corresponding to 80
percent of the ultimate strength. Table 4.1 shows the quasi-static tensile properties, i.e., yield strength,
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ultimate strength, flow stress, and Raiberg-Osgood coefficients, for the base metal used in these fracture
prediction analyses. Figure 4.1 shows the actual quasi-static base metal tensile data, with the Ramberg-
Osgood representation of the data superimposed on the figure.

Table 4.1 Quasi-static STS410 carbon steel base metal tensile properties
used in fracture analyses

Yield Ultimate Flow Reference Reference

Streagth, Strength, Stress', Stress (0,), Strain
MPa MPa MPa MPa (€,) [ n
2158 493 354 4 2158 0.001138 320 N7

(a) Flow stress defined as the average of the yield and ultimate strengths.

The J-R curves used in these analyses were based on modified J resistance curves, i.e., J,-R curves,
where the J,-R curves for 0.5T C(T) specimens were linearly extrapolated over the last few data points
in order to get the large amounts of crack growth needed for these analyses. Figures 4.2 and 4.3 show
the extrapolated J,-R curves for the quasi-static base metal and weld metal data, respectively, with the
actual C(T) specimen data superimposed.

4.1.1 Comparison of Experimental Moments at Crack Initiation
with Fracture Analysis Predictions

Comparisons were made between the experimental moments at crack initiation and the predicted crack
initiation moments using the GE/EPRI (Ref. 4.1), LBB.ENG?2 (Ref. 4.2), and R6 Revision 3 Option |
(Refs. 4.3 through 4.5) methods. Details of each of these methods can be found in the appropriate
references. The predictions were made with the aid of a Battelle-written computer code, NRCPIPE.
(Note, the GE/EPRI method used in this analysis was the original GE/EPRI method, with the plastic-
zone correction.) The results of those comparisons are shown in Tables 4.2 and 4.3 as well as in

Figure 4.4.

In examining Tables 4.2 and 4.3 and Figure 4.4, it can be seen that the GE/EPRI and R6 methods
underpredicted (i.e., conservatively predicted) the experimental loads at crack initiation. The extent of
the underprediction was approximately | to 12 percent for the GE/EPRI method, and 7 to 30 percent for
the R6 method. This trend is somewhat contrary to what was observed in Subtask 1.2 of the IPIRG-1
program (Ref. 4.9) in which the GE/EPRI and R6 methods often overpredicted the initiation moments,
see Table 4.3. The LBB.ENG2 method overpredicted the initiation moments for all the three dynamic
experiments but slightly underpredicted the initiation moment for the quasi-static experiment. The
extent of the overprediction was as much as 10 percent for Experiment 4.2-2. This overprediction was
somewhat less than what was observed for the A106 Grade B pipe experiments in Subtask 1.2 of the
IPIRG program. In that program, the LBB.ENG2 method overpredicted the initiation moments by
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Table 4.2 Comparison of experimental moments at crack initiation with
GE/EPRI, LBB.ENG2, and R6 Revision 3 Option 1 predictions

A

Experimental Experimental Moment/Predicted
Moment at Predicted Moments™, kN-m Moment
Crack
Cxperiment Initiation,

Number KN-m GE/EPRI LBB.ENG2 Ré GE/EPRI  LBB.ENG2 R6
42-1 68.7 65.0 72.1 61.2 1.057 0952 1.122
422 63.5 631 70.0 592 1.006 0.907 1.073
423 83.2 754 834 647 1.104 0.997 1.285
3.3-1 71.3 63.5 70.5 60.2 1.123 1.011 1.184

(a)  For the base metal tests, quasi-static base metal stress-strain curves and J-R curve data were used; for the weld
test, quasi-static base metal stress-strain curves and quasi-static weld metal J-R curve data were used.

as much as 28 percent. The potential significance of this finding will be discussed in detail in Section 5
of this report.

In comparing the quasi-static and dynamic monotonic experiments, it can be seen that the dynamic
loading rate slightly lowered the initiation moment ratios. The analysis underpredicted the quasi-static
initiation load approximately 6 percent more than it did the dynamic initiation moments.

In comparing the results for the two dynamic, base metal experiments (Experiments 4.2-1 and 4.2-2), it
can be seen that the cyclic loading history only lowered the normalized crack initiation moments
(experimental-to-predicted moments) by about 5 percent, which is within the experimental scatter band
we have previously observed for this type of experiment.

4.1.2 Comparison of Maximum Experimental Moments with
Fracture Analysis Predictions

Comparisons were made between the maximum experimental moments and the predicted maximum
moments using the Net-Section-Collapse (Refs. 4.6 and 4.7), Dimensionless-Plastic-Zone-Parameter
(Ref. 4.8), GE/EPRI (Ref. 4.1), LBB.ENG2 (Ref. 4.2), and R6 Revision 3 Option | (Refs. 4.3 through
4.5) methods. Details of each of these analysis methods can be found in the appropriate references. The
predictions were made with the aid of a Battelle-written computer code, NRCPIPE Version 1.4g. (Note,
the GE/EPRI method used in this analysis was the original GE/EPRI method, with the plastic-zone
correction.) The results of those comparisons are shown in Tabies 4.3 and 4.4 and Figure 4.5.

In examining Tables 4.3 and 4.4 and Figure 4.5, the NSC, DPZP, GE/EPRI, and LBB.ENG2 methods
overpredicted the maximum moment for Experiments 4.2-1 and 4.2-2 by as much as 15 percent. The
NSC and DPZP methods tended i .aderpredict the Experiment 4 2-3 maxin;um moment by about 4
percent. All analysis methods underpredicted the maximum moment for Experiment 3.3-1, from 4
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Tabie 4.3 Comparison of ratios of experimental-to-predicted moments at crack initiation and

maximum moment for experiments conducted in this program and IPIRG-1

Subtask 1.2 (Ref. 4.9)
Experimental MomentPredicted Moments
Experiment Loading
Number Program Condition __ Mate NSC ___DPZP _GE/EPRI __ LBB.ENG2 Ro
Crack initiation
42-1 IPIRG-2, Task 4 Dyn, Mono STS410 - - 1057 0952 1.122
422 IPIRG-2, Task 4 Dyn, R=-] §T8410 - - 1.006 0907 1073
423 IPIRG-2, Task 4 Dyn, R=1 STS410 - - 1.104 0997 1.285
3341 IPIRG-2, Task 3 QS, Mono STS410 - - 1123 1011 1.184
12-8 {PIRG-1, Subtask 12 Dyn, Mono Al106B - - 1.010 0.900 1.050
1.2-11 IPIRG-1, Subtask 1.2 Dyn. Mono Al06B - - 0.825 0.735 0858
12-12 IPIRG-1, Subtask 1.2 Dyn, Mono Al06B - - 1.049 0935 1.091
1.2-6 IPIRG-1, Subtask 1.2 Dyn, R=1 AlO6B - - 0.811 0.723 0.844
1.247 IPIRG-1, Subtask 1.2 QS, Mono Al06B - - 1231 1.098 1281
Maximum Moment
421 IPIRG-2, Task 4 Dyn, Mono §TS410 0961 0961 0935 0888 1.151
422 IPIRG-2, Task 4 Dyn, R=| STS410 0928 0928 0.884 0844 1.095
423 [PIRG-2, Task 4 Dyn, R=1 STS410™ 1.039 1.039 0.968 0914 1186
3.3-1 IPIRG-2, Task 3 QS, Mono S§TS410 1.093 1.093 1.136 1043 1.383
12-8 IPIRG-1, Subtask 1.2 Dyn, Mono AlOoB 0727 138 0947 0879 1116
1.2-11 IPIRG-1, Subtask 1.2 Dyn, Mono A106B 0.833 1.58 1 1.090 1328
1.2-12 IPIRG-1, Subtask 1.2 Dyn, Mono Al06B 0825 156 1.153 1.071 1359
12:6 IPIRG-1, Subtask 1.2 Dyn, R=.} Al06B 0.825 1.56 1.153 1.071 1.359
1247 IPIRG-1, Subtask | 2 QS, Mono A106B 0.844 1.61 1.178 1.090 1.384
(a) Crack in a TIG weld
NUREG/CR-6438 4-6
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Table 4.4 Comparison of maximum experimental moments with Net-Section-Collapse,
Dimensionless-Plastic-Zone Parameter, GE/EPRI, LBB.ENG2. and R6
predictions

Predicted Maximum Moments, kN-m Experimental/Predicted Maximum Moment

Expenmental
Expeniment Moment, GE LB8 GE LBB
No kN-m DPZP EPRI ENG2 $ DPZP EPRI ENG2

4 - 9 3.1 ) 961 0961 0935 0.888

422 ? 84 5 916 0.6 0928 ) 0 88 0 844

0914

1 041

@z Experiment 4.2-]
< Experiment 4.2-2
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Figure 4.5 Comparison of maximum experimental moments with maximum predicted moments
based on the NSC, DPZP, GE/EPRI, LBB.ENG2, and R6 Revision 3 Option 1 analyses
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percent for the LBB.ENG2 method to 38 percent for the R6 Revision 3 Option | analysis. The fracture
ratios for the R6 Revision 3 Option | analysis are slightly higher than the others, indicative of the fact
that the R6 Revision 3 Option 1 method is more conservative than the other analysis methods considered.
This is not surprising since the R6 method is a fracture prevention method, with some built-in
conservatisms, while the other methods are more nearly true fracture prediction methods. It can also be
seen that the Net-Section-Collapse and Dimensionless-Plastic-Zone-Parameter analyses both had the
exact same fracture ratios for all four experiments. This is the result of the fact that the toughness of this
carbon steel pipe material (STS410) was great enough, and the pipe diameter was small enough [152-mm
(6- inches)], that fully plastic conditions were easily satisfied and the pipes should have failed under
limit-load conditions. This was not the case for the A106B pipe material evaluated in IPIRG-1. The
toughness of that 152-mm (6-inch) diameter pipe was low enough that the Dimensionless-Plastic-Zone-
Parameter analysis predicted maximum moments were only 53 pegeent of the Net-Section-Collapse
predicted maximum moments.

Also of note from Table 4.3 is the fact that for each of the analysis methods, the fracture ratios (i.e.,
experimental moment/predicted moment) at the maximum moment for the dynamic cyclic, base metal
experiment (4.2-2) is only about 5 percent less than the fracture ratio at maximum moment for the
dynamic monotonic, base metal experiment (4.2-1). Conversely, the fracture ratios at maximum
moment, for each of the analysis methods for the IPIRG-1 Subtask 1.2 dynamic cyclic experiment
(1.2-6) was about 20 percent less than the average fracture ratio for the three IPIRG-1 Subtask 1.2
dynamic monotonic experiments (1.2-8, 1.2-11, and 1.2-12). The significance of this finding will be
discussed in detail in Section 5 of this report.

4.2 Calculation of J-R Curves from Pipe Experiments

The calculation of the J-R curves from the four pipe experiments was possible using the n-factor
J-estimation scheme method (Refs. 4.10 and 4.11). The n-factor analysis is a method used to estimate
the J-R curve for a pipe material from experimental data. It is a simple method used in lieu of three-
dimensional finite element analysis. The energy absorbed during the test, i.e., the area under the
moment-rotation or load-displacement curve, is proportional to the fracture resistance through a
geometric term, i.e., the n-factor. In this method, J is separated into an elastic and plastic component.

Lo ¥ ine L (4-1)

The elastic component of J is derived from an elastic solution in the GE/EPRI J-estimation scheme
handbook (Ref. 4.1).

- 2 wa 2
R_7cF “(¢/b,R_/t)M
s * e — (4-2)
El
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where
R, = Mean pipe radius
t = Pipe wall thickness
c = Half crack length
b = nR,
E = Elastic modulus
I = Second moment of area
M = Bending moment
F = Elastic stress intensity factor geometry furction from Reference 4.1

The plastic component of J can be calculated from Equation 4-3.

Truse = 2[ORAA, [ YO, de @3)

where

Plast’c displacement

Half of the total applied load in a four-point bend test
Initial half crack length

Half crack angle

DO P

-h(6)

9) =
i Rt h(6)

(4-4)

h l/(e)

Yy (0 =
b'(©)

(4-5)

h (0) = co-(g-) - 12 tin(g) (4-6)

h'(8), h"(8) = first and second derivatives of h (6) with respect to 6, respectively.

The plastic component of the displacement, A,,, can be obtained by subtracting the elastic component of
the uncracked pipe displacement (A, ), the elastic component of displacement due to the crack (g o),
and the elastic component of the displacement due to the machine compliance (Ag, y) from the measured
load-line displacements (4).
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8 = A - By - Beic = Bpm (4-7)

where

_(Z-L)YY(Z+2L)P
A!L.NC = _‘—')“("'—"_

24E] e

4R _cV (¢/b,R_/t)M
Lc - -l El = (4-9)

B = 2C,P (4-10)

where

4
L
\E
Cu

Outer span in a four-point bend test
Inner span in a four-point bend test
Compliance function from Reference 4.1
Test machine compliance

The second term on the right side of Equation 4-3 represents a contribution to J due to crack growth,
which is equal to zero until crack initiation. The plastic component of J, J siastics after crack initiation can
be derived on the basis of Equation 4-3 by repeating the calculations until Jiassc CONVerges.

The results of these n-factor calculations are shown in Table 4.5 and Figures 4.6 through 4.8. Table 4.5
shows a comparison of the calculated J, values from the pipe experiments to the J, values obtained from
the C(T) specimens. Figure 4.6 shows the full J-R curves for the four pipe experiments. Figure 4.7
shows the initial portion of the J-R curves for the three base metal experiments along with the base metal
C(T) specimen data at both quasi-static and dynamic rates. Figure 4.8 shows the initial portion of the J-R
curve for the single weld metal experiment along with the weld metal C(T) specimen data at both quasi-
static and dynamic rates.

Figure 4.6 shows that the quasi-static and dynamic monotonic experiments had approximately the same
resistance un.il about 4 mm of crack extension. At this point, the quasi-static resistance became much
higher than the dynamic resistance. A portion of this difference could be due to dynamic strain aging,
but a major portion is probably due to the difference in crack extension angle. This effect is discussed in
Section 5.

Table 4.5 and Figure 4.6 show that the value of J at crack initiation (J,) for the pipe experiment with a
crack in the weld was quite a bit higher than the J, values for the three base metal experiments.
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Table 4.5 Comparison of J, values from pipe experiments with
J, values from C(T) specimens

J, Values Average
From Pipe J, Values From
Experiment Crack Load Experiments,  C(T) Specimens,
Number Location History kJ/m’ kJ/m’
4.2-1 Base metal  Dyn. mono. 750.1 476.5"
42-2 Base metal Dyn. cyc. 258.1 476.5"
42-3 Weld Dyn. cye. 1261.4 536.3"
3.3-1 Base Metal QS, Meno 807.0 378.7@
(1) Monotonically loaded specimens with approximate time to crack
initiation of 0.2 seconds.
(2) Monotonically loaded specimens with approximate time to crack
Initiation of 600 seconds.
Crack extension, inch
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
8 I ! i | A A Il 45
7 - Base Mmlhlgy:aﬁulc Monotonic ~ 40

Exp 3.3-1
Base Metal, QS, Monotonic

6 \ L 35
.4.2-3
S - Wek!P»%G,?;I.Dymmicll--l’"3o
g L 25 §
. 4.2-2 £
; 4 4 BueMeul.E&umic.R--l }
e Exp 1.2-8 20 o~
3 4 Base Metal, Dynamic, Monotonic

- -
,—V‘"—

0 T —t T T 0
0 10 20 30 40 50

Crack Extension, mm

Figure 4.6 J,-Resistance curves for Experiments 4.2-1, 1.2-2, 4.2-3 and 3.3-1
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Crack extension, inch
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Figure 4.7 Comparison of STS410 pipe and C(T) specimen J-R curves
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Figure 4.8 Comparison of STS410 TIG welded pipe and welded C(T) specimen J-R curves
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However, once the crack in the cyciic weld metal experiment initiated, the J-R curve leveled off and
tended to mirror the cyclic base metal experiment J-R curve. This is not surprising in that once the crack
in the weld metal experiment initiated, it turned out of the weld and grew in the base metal. As a result,
one would expect the fracture resistance for this experiment to be similar to that of the cyclic base metal
experiment once the crack started to grow. The fact that the weld metal pipe experiment exhibited a
higher J value at crack initiation than did the three base metal experiments is consistent with what was
observed for the C(T) specimens for which the J, value for the weld metal was found to be higher than
that for the base metal, see Table 2.4. This higher toughness for the weld metal, as well as the higher
strength of the weld metal when compared with the base metal (see Table 2.3), perhaps explains why the
crack in the weld metal experiment turned and grew out of the weld metal into the base metal. It also
explains why the crack in the cyclic weld experiment (4.2-3) did not initiate until Cycle 13 while the
crack in the cyclic base metal experiment initiated during Cycle 8 for the exact same cyclic load history.
Also of note from Figure 4.6 is the fact that the J-R curves for the two cyclic experiments were both
significantly below the J-R curves for the dynamic, monotonic, base metal experiment. For this stress
ratio (R = -1), this reduction in the J-R curve is consistent with past IPIR(3-1 test data. This lowering of
the J-R curves for the cyclic experiments was observed previously for the IPIRG-1 Subtask 1.2 cyclic
through-wall-cracked pipe experiments (Ref. 4.9).

In examining Figure 4.7, it can be seen that there is little difference in the quasi-static and dynar:.,
monotonic-loaded base metal C(T) specimen data. It can also be seen in Figure 4.7 that the 7(T)
specimen quasi-static and dynamic J-R curve data, which were generated under monotonic loading
conditions, are quite a bit I' - < than the dynamic, monotonic pipe J-R curve data. This is jrobably due
to the fact that the C(T) sp-  .ivas werc «idegrooved, which would decrease the apparent re.istance. On
the other hand, the monotonic C(1) specimen J-R curve data are above the J-R curve for the Gvnamic,
cyclic pipe experiment. This is opposite to the trend observed for the weld metal case, where t.\e
monotonic C(T) specimen J-R curve data are below the J-R curve for the weld metal, dynamic, ( yclic
pipe experiment, see Figure 4.8.
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5.0 DISCUSSION OF RESULTS

In this section of the report, the results from the material characterization studies, the pipe fracture
experiments, and the analysis of those experiments will be discussed. First. the results pertinent to the
question of the effect of loading rate on the fracture behavior of this STS410 carbon steel pipe material
and associated TIG weld will be discussed. This is followed by a discussion of the effects of cyclic
loading on the fracture behavior of this STS410 pipe material.

5.1 Effect of Loading Rate on the Fracture Behavior of
STS410 Carbon Steel and an Associaied TIG Weld

The effects of loading rate on the fracture behavior of this carbon steel can be investigated by studying
both the pipe experiments as well as the material property data. Due to the fact that there were no quasi-
static pipe fracture experiments on the TIG weld conducted as part of this effort, this discussion of the
effect of loading rate on the fracture behavior of the TIG weld associated with the 152-mm (6-inch)
diameter STS410 carbon steel pipe material will have to be limited to a discussion of the effects of
loading rate on the STS410 weld metal material property specimen data.

Material property results. Based on the tensile tests conducted as part of this effort, it appears that the
base metal ultimate tensile strength decreased approximately 15 percent as the strain rate was increased
from approximately 10/sec to approximately 10/sec. Also, the yield strength increased 15 percent as
the strain rate was increased from 10*/sec to 10/sec. In addition, the elongation at the higher strain rates
was 60 percent higher than the elongation at the quasi-static testing rates.

Similarly, the weld metal evaluated as part of this program also exhibited a reduction in tensile strength
at the higher strain rates. The tensile strength at a strain rate of 10/sec was 24 percent lower than the
tensile strength at 10*/sec. However, whereas the base metal tensile strength was nearly the same at both
the | and 10/sec strain rates, the weld metal tensile strength at the 10/sec strain rate was 13 percent lower
than the tensile strength at 1/sec strain rate. Also, contrary to the results for the base metal, the
elongation of the weld metal at the higher strain rates decreased approximately 8 percent when compared
with the elongation for the quasi-static tests, and the yield strength decreased by approximately 20
percent when the strain rate was increased to 10/sec. In addition, the stress-strain curves for some of the
high speed tests for this weld metal (particularly for Specimens IPF14-T2w and IPF16-T4w) showed
evidences of serrated stress-strain curves. The serrations on the stress-strain curves are indicative of a
material susceptible to dynamic strain aging effects. Such serrations were not evident on the base-metal
stress-strain curves.

Both the base metal and weld metal J-R curves showed little evidence of degradation as the strain rate
was increased approximately 3000 times. There was little difference in the J-R curves for either material
between the quasi-static case, with an approximate time to crack initiation of 600 seconds, and the J-R
curves for the fastest dynamic tests, with an approximate time to initiation of 0.2 seconds. The only
difference of significance is that the average value of J at crack initiation (J) for the base metal c(T)
specimens which were loaded at the fastest rate, i.e., 0.2 seconds to crack initiation, was approximately
25 percent higher than the J, value for the quasi-static C(T) specimens or the dynamic C(T) specimens
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whose cracks initiated in approximately 10 seconds. Conversely, the average J, value for the quasi-static
weld metal C(T) specimens was approximately 55 percent higher than the average J, value for the
dynamic weld metal C(T) specimens. However, once the cracks began to grow, the J-R curves for the
quasi-static and dynamic, base metal and weld metal specimens began to converge.

Although these results, especially the tensile test results, suggest that this pipe material and the
associated TIG weld may be susceptible to dyzamic strain aging effects, the effect of higher strain rates
on both materials was not as great as had been observed in other carbon steel materials tested in the
[PIRG-1 program (Ref. 5.1). For Pipe DP2-F30, a 152-mm (6-inch) diameter, A106B carbon steel, the
tensile strength decreased approximately 25 percent as the strain rate was increased from approximately
10*/second to 10/second. Similarly for Pipe DP2-F29, a 406-mm (16-inch) diameter, A106B carbon
steel, the tensile strength decreased approximately 30 percent as the strain rate was increased from
approximately 10“/second to 10/second. Finally, for the low-toughness submerged-arc weld (SAW) in
Pipe DP2-F29, the tensile strength decreased approximately 20 percent at the higher strain rate. This
compares to a 15 percent reduction for the STS410 base metal and a 20 percent reduction for the TIG
weld evaluated in this program. As far as toughness is concerned, the value of J at crack initiation (J,) for
Pipes DP2-F30 and DP2-F29 decreased approximately 15 and 35 percent, respectively, at the higher
loading rates when compared with the quasi-static loading rates. Conversely, the value of J at crack
initiation for the submerged-arc weld in Pipe DP2-F29 increased 55 percent as the loading rate was
increased. The toughness of the STS410 base metal evaluated in this program was essentially unchanged
by increasing the loading rate by a factor of approximately 3,000. Conversely, the value of J at crack
initiation (J) for the TIG weld evaluated in this program decreased approximately 35 percent at the
higher loading rates when compared with the quasi-static loading rates.

Furthermore, the serrations on the stress-strain curves for the base metal and weld metal materials
¢valuated as part of this effort were not as pronounced as they were on some of the carbon steel materials
evaluated in the IPIRG-1 program. Figure 5.1 compares the stress-strain curves for the 152-mm (6-inch)
nominal diameter, STS410 base metal evaluated in this program with the stress-strain curves for the 152-
mm (6-inch) nominal diameter, A106B pipe material evaluated in the [PIRG-1 program. Figure 5.2 is a
similar comparison for the two ferritic welds, i.e., the TIG weld evaluated in this program and the
submerged-arc weld evaluated in the IPIRG-1 program.

Pipe Experiments. Figure 5.3 shows the load-displacement record for the quasi-static, monotonic
(Experiment 3.3-1) and dynamic, monotonic (Experiment 4.2-1) base metal TWC pipe tests. The
ma.cimum load for the quasi-static experiment was approximately 10 percent higher than the maximum
loac! for the dynamic experiment. This difference in load could be attributed to the difference in crack
growth angle. For Experiment 4.2-1, the crack grew at a 38-degree angle from the circumferential plane
while the crack in Experiment 3.3-1 grew at a 48-degree angle from the circumferential plane. This
difference in angle would cause a difference in the load-displacement response. Past studies (Ref. 5.2)
have shown that as the angle from the circumferential plane is increased, the loads are increased. Figure
5.4 stows the load-displacement record for these experiments only up to the point of crack initiation.
This figure shows that the load-displacement records for these two tests do not differ greatly up to the
point of crack initiation, indicating that the effect of dynamic loading on the fracture toughness of this
materiil is minimal.
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Figure 5.1 Comparison of stress-strain curve for the A106 Grade B pipe material used in Subtask

1.2 of IPIRG-1 (DP2-F30) with the stress-strain curve for the STS410 pipe material
evaluated as part of this effort (IP-F13)
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Figure 5.2 Comparison of stress-strain curve for the A106B SAW used in IPIRG-1 (DP2-F29W)
with the stress-strain curve for the TIG weld in STS410 evaluated in this program
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When the fracture ratios at crack initiation for the GE/EPRI, LBB.ENG2, and R6 methods for the
STS410 base metal experiments are compared with the fracture ratios at crack initiation for these same
analysis methods for the corresponding IPIRG-1 Subtask 1.2 A106 Grade B experiments, the fracture
ratios at crack initiation for the STS410 experiments conducted as part of this effort are higher
(approximately 10 percent higher for the monotonic experiments and 25 percent higher for the cyclic
experiments) than they are for the corresponding Subtask 1.2 A106 Grade B base metal experiments.
This may partially be an artifact of using quasi-static material property data in the analyses of both sets
of experiments. If dynamic data were used in the analysis of the STS410 experiments conducted as part
of this effort, the fracture ratios at crack initiation (i.e., the ratio of the experimental moments at crack
initiation to the predicted moments at crack initiation) would not change much because the base-metal
ultimate strength is reduced slightly, and the base-metal J, value is increased slightly at the higher
loading rates. However, if dynamic data were used in the analysis of the A106 Grade B experiments
conducted as part of Subtask 1.2 of the IPIRG-1 program, the fracture ratios at crack initiation would
increase significantly due to the greater reduction in the ultimate strength and the reduction in the J value
at crack initiation. As a result of this greater increase in the fracture ratios for the A106 Grade B pipe
experiments when dynamic material data are used in the analyses, the fracture ratios for the two sets of
experiments would be more in line with each other. This idea that the fracture ratios for the STS410
material are less sensitive to the choice of quasi-static or dynamic material property data than the fracture
ratios for the A106 Grade B material, supports the contention that the STS410 material may be less
sensitive to dynamic strain aging effects than the A106 Grade B material evaluated in Subtask 1.2 of the
IPIRG-1 program. Based on these findings, it appears that this STS410 carbon steel, and its associated
TIG weld, may be susceptible to dynamic strain aging effects, but not to the extent as some of the carbon
steel pipe materials evaluated earlier in the IPIRG-1 program. This finding is supported by the
observation that there were no crack instabilities, i.e., unstable crack Jjumps, during the course of any of
these pipe experiments. In the past, crack jumps in through-wall-cracked pipe experiments have been
attributed to the material's sensitivity to dynamic strain aging.

5.2 Effect of Cyclic Load Histories on the Fracture
Behavior of STS410 Carbon Steel

Two dynamic base metal (STS410) pipe experiments were conducted as part of this effort. One was a
dynamic, monotonic pipe experiment. The other was a dynamic, cyclic experiment with a stress ratio
(R) of -1. Based on the results of these two experiments, an assessment of the effect of cyclic loading on
the fracture behavior of the STS410 base metal can be made. However, due to the lack of baseline
monotonic data for the weld metal pipe experiment, it will not be possible to make such an assessment
for the TIG weld case.

When the fracture ratios (i.e., the ratio of the experimental-to-predicted moments) using the GE/EPRI
and LBB.ENG2 analysis methods for the dynamic, monotonic and dynamic, cyclic, base metal
experiments are compared (see Table 4.3), the fracture ratio at crack initiation for the dynamic, cyclic (R
= -1) experiment (4.2-2) was only 5 percent less than the fracture ratio at crack initiation for the
dynamic, monotonic experiment (4.2-1). Similarly, the fracture ratio at maximum moment for the cyclic
experiment (4.2-2) was only 5 percent less than the fracture ratio for the monotonic experiment (4.2-1).
Conversely, for the IPIRG-1 Subtask 1.2 experiments, the fracture ratios at crack initiation and
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maximum moment (using these same two analysis methods), for the dynamic, cyclic experiment (1.2-6)
were 16 and 23 percent less, respectively, than the corresponding average fracture ratios for the three
dynamic, monotonic experiments (1.2-8, 1.2-11, and 1.2-12). It appears that there is a greater effect of
cyclic loading for the particular A106 Grade B carbon steel tested in IPIRG-1 than there is for this STS
410 carbon steel.

However, when the J-R curves calculated from the pipe experiments are examined, a different trend is
observed. The J-R curve for the dynamic, monotonic base metal experiment (4.2-1) is quite a bit higher
than the J-R curve for the dynamic, cyclic base metal experiment (4.2-2), see Figure 4.6. The reason for
this is obvious when one examines the moment-rotation curves for the two experiments, see Figure 3.8
for Experiment 4.2-1 and Figure 3.14 for Experiment 4.2-2. In examining these figures, it can be seen
that the maximum moments for the two experiments are comparable (explaining the reasonable
agreement in fracture ratios for the two experiments), but the rotations for the dynamic, monotonic
experiment are significantly greater than they are for the dynamic, cyclic experiment (explaining the
higher J-R curve for the monotonic experiment). Based on these two observations, (1 ) the comparable
fracture ratios at crack initiation and maximum moment for the monotonic and cyclic experiments, and
(2) the significantly higher J-R curve for the monotonic experiment, one could conclude that the cyclic
load history had a more significant effect on the crack growth portion of the experiment than it did on the
crack initiation portion of the experiment.

Figure 5.5 shows a comparison of the STS-410 pipe J-R curves with the A106 Grade B pipe J-R curves
from IPIRG-1. Clearly, the STS-410 material is much tougher than the A106B material. The quasi-
static monotonic J-R curve for the STS-410 material is not shown since it was nearly identical to the
dynamic monotonic J-R curve up to S mm of crack growth, see Figure 4.6. Even when cycled at a stress
ratio of -1, the STS-410 material is tougher than the A106B material tested monotonically. However, the
cyclic degradation during stable crack growth in the STS-410 is greater than in the A106 material.
Figure 5.5 shows that at 30 mm of crack growth, the STS 410 material shows an approximately 80
percent decrease in J when the pipe undergoes fully reversed loading. However, the A106B material
only shows a 50 percent decrease in J at the same crack growth when the pipe undergoes fully reversed
loading. This supports the conclusion that the cyclic load history has a more significant effect ~n the
crack growth portion of the STS-410 experiments than the same history has on the A106B experiments.

Another point to be made regarding the results from the cyclic pipe experiments is that when the J-R
curves for the base metal and weld metal, dynamic, cyclic pipe experiments are compared (see Figure
4.6), the value of J at crack initiation for the weld metal experiment ;s much higher than that for the base
metal experiment. However, once the crack starts to grow, the two J-K curves begin to converge. This is
the result of the fact that the strength and toughness of the weld metal ar: higher than they are for the
base metal. Consequently, after the crack initiated it turned and grew in' o the softer, weaker base metal.
As a result, the weld metal J-R curve converged to the base metal J-R cirve at large amounts of crack
growth.

Finally, if one compares the ratio of the cyclic (R=-1) to monotonic fracture toughness from the pipe 1-
factor analysis for the 152-mm (6-inch) nominal diameter STS410 pipe experiments conducted as part of
this effort with the ratio of the cyclic (R=-1) to monotonic fracture toughness for the 152-mm (6-inch)
nominal diameter A106B carbon steel and Type 304 stainless pipe experiments conducted as part
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of IPIRG-1, one sees that these ratios are consistent with each other, especially when plotted against the
yield-to-ultimate strength ratios for the specific materials, see Figure 5.6. The implication of Figure 5.6
is that for this pipe size and flaw geometry, that the higher the yield-to-ultimate strength ratio, the less
degradation in toughness due to cyclic (R=-1) loading one might expect to occur. This is important since
welds typically have higher yield-to-ultimate strength ratios than base metals, so consequently one would
expect that the degree of toughness degradation due to cyclic loading would be less for the weld metal
case than for the base metal case.

5.3 Helical Crack Growth

In the experiments conducted in this program, the crack grew at a helical angle from the initial
circumferential crack. This is similar behavior to carbon steel pipes tested in the various USNRC
programs conducted at Battelle. The crack in all but one of the quasi-static carbon steel pipe experiments
on 102-mm (4-inch) to 914-mm (36-inch) diameter pipe from the Degraded Piping Program (Ref. 5.3)
grew at a helical angle from the initial circumferential crack.

In the IPIRG-1 program, helical crack growth was also observed in the cyclic 152-mm (6-inch) nominal
diameter carbon steel pipe experiments, as well as in the 406-mm (16-inch) diameter carbon steel pipe
experiments. In the many 152-mm (6-inch) diameter pipe experiments conducted with pipe specimens
from the same length of pipe, it was found that the helical crack growth angle varied from 25 to 60
degrees (Ref. 5.4). It was found that a larger angle of crack growth increased the apparent fracture
resistance of the pipes tested under bending. Helical crack growth aiso occurred in the 762-mm (30-
inch) diameter STS49 pipe used in Experiment 4.3-1 in the IPIRG-1 program.

Crack growth out of the initial circumferential plane of the crack has also occurred in carbon steel pipe
fracture programs conducted in other countries and other programs on oil and gas piping (Ref. 5.5).
There were many carbon steel pipes tested at the MPA-Stuttgart facility where there was helical crack
growth from an initial circumferential crack plane. In Italy, it was also found that helical crack growth
occurred in their ferritic steel pipe experiments (Ref. 5.6).

In Japan, the NUPEC program on Proving Test on the Integrity of Carbon Steel Piping in LWR's had
circumferentially cracked pipe with helical angle crack growth less than 20 degrees in the room
temperature tests (Ref. 5.7). In the JAERI ferritic pipe tests (Ref. 5.8), the cracks grew at large angles
from the crack plane. Helical crack growth in the 300 C (572 F) STS42 pipe tests was not documented in
the reports reviewed by Battelle. Also in the recent 102-mm (4-inch) nominal diameter Japanese carbon
steel pipe experiments, it was observed that the helical crack growth was very small (Ref. 5.9).

The key factor controlling if helical crack growth occurs or not in all these cases is probably the
toughness anisotropy of the material. Virtually all seamless carbon steel pipes made in the world use the
Mannesmann process which works the material in the axial direction. If there are soft inclusions in the
steel, they will be elongated in the axial direction which then becomes the low toughness direction with
the circumferential direction having a much higher toughness. This difference of toughness (or
anisotropy) in different orientations is well known from work by many investigators, see discussion in
Section 6 of Reference 5.10. Anisotropy of the toughness can be reduced by decreasing the amount of
impurities and modifying the chemistry with additions that make inclusions less plastic in the hot
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working process (Ref. 5.11). Such inclusion shape control is frequently used in the steel industry.
Another way of controlling the anisotropy is to cross roll the plates uscd in seam welded pipe, but this
method could not be applied for seamless pipe.

Helical crack growth behavior was the focus of a study conducted in the USNRC Short Cracks in Piping
and Piping Welds Program at Butteile (Ref. 5.2). In this study, the effects of material anisotropy and
combined stresses (hoop, tension, bending and torsion) were examined to determine why cracks
frequently grow in a helical direction for carbon steel pipes. In such an analysis, not only is the
anisotropy of the toughness of interest, but also the fact that there are several loading modes on the
cracked pipe from a fracture mechanics analysis, i.e., Mode I loading is the normal opening mode, Mode
I1 is the in-plane shear loading, and Mode 111 is the out-of-plane tearing of the material. For a pipe under
combined bending, tension, and torsion, all three fracture mechanics loading modes are present. It is
believed that the ratio of the toughness to the crack-driving force as a function of the angle from the
crack tip will determine if the crack will grow in a helical direction. If there is very little anisotropy, as
with stainless steel, then the crack growth would be in the circumferential direction for tension or
bending loads.

Hence, the helical crack growth observed in the pipe experiments conducted in this program is very
typical for carbon steel pipe, and, in fact, the relatively straight crack growth in Reference 5.9 is unusual,
and it is of interest to see why the cracks grew straight in those experiments.

5.4 Dynamic Strain Aging Sensitivity of Carbon Steels

The effects of loading rate on the load-carrying capacity of cracked carbon steel pipe at LWR
temperatures depends on the material's sensitivity to dynamic strain aging. Dynamic strain aging is the
pinning of dislocation movement during plastic deformation. The pinning is caused by atomic carbon or
nitrogen in the crystals of the steel. DSA is known to occur in carbon steels in the temperature range of
150 C (302 F) to 400 C (752 F). A good summary of the phenomenon is given in a Battelle report to the
USNRC on "Dynamic Crack Instabilities in Nuclear Ferritic Piping at LWR Temperatures and the Role
of Dynamic Strain Aging" (Ref. 5.11). In this report, several different U.S. ferritic pipe steels were used
to develop a screening criterion for predicting the occurrence of unstable crack jumps that occasionally
occurred in carbon steel pipes at LWR temperatures. These unstable crack jumps were found to be
related to the dynamic strain aging sensitivity of the steels. It was found in Reference 5.11 that there
were some U.S. ferritic pipes that were not susceptible to dynamic strain aging, but pipes that were
susceptible to dynamic strain aging were found in virtually every grade of U.S. nuclear piping steel, eg.,
A106 Grade B, A333 Grade 6, etc. It was also concluded that having a steel highly sensitive to dynamic
strain aging is not desirable since large unstable crack jumps might occur. However, pipes slightly
sensitive to dynamic strain aging may be desirable since that amount of dynamic strain aging would raise
the strength of the material with a minimal loss in toughness. This change in properties would increase
the load-carrying capacity of cracked carbon steel pipes.

The effect of dynamic loading on the strength and toughness of carbon steel pipes is also being

investigated in Task 3 of the IPIRG-2 program. In Task 3, it was found that several U.S. carbon steel
pipes were not affected by dynamic strain aging, and at least one carbon steel weld had a higher
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toughness at the dynamic loading rates than at quasi-static rates. Hence, there is a great degree of
vai iability of properties in the U.S. ferritic steels.

The STS410 pipe used in this program had a much superior toughness than the A106 B pipe used in
similar experiments during the IPIRG-1 program. Although there are other U.S. carbon steel pipes that
are not sensitive to dynamic strain aging and are just as tough as the STS410 pipe tested, the limited data
on Japanese carbon steel pipe we have from this program and the IPIRG-1 program showed that the
Japanese pipes tested had better fracture resistance properties than the average of the U.S. pipes tested.
Additional tests on pipes from different heats of Japanese carbon steel pipes are needed to make a more
statistically valid comparison.
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6.0 SUMMARY AND CONCLUSIONS

As part of this program, three dynamic and one quasi-static pipe fracture experiments were conducted on
sections of 152-mm (6-inch) nominal diameter, STS410 carbon steel pipe manufactured in Japan. Three of
the experiments involved through-wall cracks in the base metal of the STS410 carbon steel material. The
fourth involved a through-wall-crack in a TIG weld joining two sections of the same STS410 carbon steel
pipe material. All were loaded in four-point bending. The load histories for the four experiments were:
(1) dynamic, monotonic with the crack in the base metal, (2) dynamic, cyclic with a stress ratio (R) of -1
and the crack in the base metal, (3) dynamic, cyclic with a stress ratio (R) of -1 with the crack in the center
of a tungsten-inert-gas (TIG) weld, and (4) quasi-static, monotonic with the crack in the base metal. The
test temperature for each experiment was 300 C (572 F). Each test specimen was unpressurized.

In addition to the pipe experiments, quasi-static and dynamic, tensile and fracture toughness properties for
both the base meta! and weld metal were evaluated. Also, a number of analyses were conducted for each
pipe experiment. The moments at crack initiation were predicted using the GE/EPRI and LBB.ENG?2
J-estimation schemes and the R6 Revision 3 Option 1 method and were compared with the experimental
values. The maximum moments for each experiment were predicted using the Net-Section-Collapse,
Dimensionless-Plastic-Zone-Parameter, GE/EPRI, LBB.ENG2, and R6 Revision 3 Option | methods and
were compared with the maximum nioments from the experiments. Finally, the J-R curves from the pipe
experiments were calculated using the n-factor method and the load-displacement test record from each of
the pipe experiments

As a result of these efforts, the following conclusions can be drawn:

(1) The STS410 carbon steel pipe material and the associated TIG weld studied in this program
may be slightly susceptible to dynamic strain aging effects, although the extent of their
susceptibility is probably less than some of the U.S. manufactured carbon steel base metal
materials evaluated in the Degraded Piping, IPIRG-1, and Short Cracks in Piping and Piping
Welds programs previously conducted at Battelle. The absence of any crack instabilities, i.e.,
crack jumps, in any of the pipe fracture experiments also shows that the pipe material tested
was not highly sensitive to dynamic strain aging effects.

(2)  Based on a comparison of maximum loads for the three base metal experiments, the STS410
carbon steel pipe material appears to be less sensitive to cyclic loading effects than the A106
Grade B pipe material evaluated in Subtask 1.2 of the IPIRG- | program. However, when one
compares the J-R curves for the pipe experiments from the n-factor analysis, one sees a
dramatic reduction in toughness due to cyclic loading, see Figure 4.6. This material seems to
be more sensitive to cyclic loading after some amount of crack growth than at crack initiation.
This may explain why the maximum load predictions for the three base metal experiments
agree so closely. The maximum load may have been attained before significant crack growth
occurred

6-1 NUFEG/CR-6438




SUMMARY AND CONCLUSIONS Section 6

(3)  The through-wall cracks in the STS410 carbon steel pipe experiments all grew out of the
circumferential crack plane, much in the same manner as the through-wall cracks tested in the
U.S. manufactured carbon steel pipe materials evaluated in the Degraded Piping, IPIRG-1, and
Short Cracks programs. Such behavior is typically attributed to toughness anisotropy effects.
All information to date suggests that the angular crack growth increases the load-carrying
capacity and overall ductility (global displacements and pipe rotation), and hence is desirable.
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