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ABSTRACT

Acoustic emission (AE) monitoring of flaw growth in an
intermediate scale vessel during cyclic loading at 65°C and
2889C is described in this report. The report deals with
background, methodology, and results. The work discussed is of
major significance in a program supported by NRC to develop and
demonstrate application of AE monitoring for continuous sur-
veillance of reactor pressure boundaries to detect and evaluate
growing flaws. Several areas of technical concern are ad-
dressed. Results support the feasibility of effective con-
tinuous monitoring.
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ACOUSTIC EMISSION RESULTS OBTAINED FROM
TESTING THE ZB-1 INTERMEDIATE SCALE
PRESSURE VESSEL - AN INTERIM REPORT

EXECUTIVE SUMMARY

1.0 INTRODUCTION

A progran devoted to developing and demonstrating the use
of acoustic emission (AE) methods for continuous surveillance of
reactor pressure boundaries to detect flaw growth is in progress
at the Pacific Northwest Laboratory (PNL). This work is spon-
sored by the U.f. Nuclear Regulatory Ccmmission. In an initial
phase, technology was developed in the laboratory to identify AE
from crack growth and to utilize that AE information to estimate
flaw severity. Two key subsequent phases are concerned with
evaluating the technology through testing on an intermediate
scale test vessel (Phase 2) and finally, demonstrating tae
technology on an operating reactor (Phase 3).

Phase 2 has been accomplished by testing an intermediate
scale vessel. This test and the associated results _onstitute
the subject of this report.

Theoretical transfer of laboratory test results to a full
size structure is complex and uncertain particularly in the case
of AE. Phase 2 was designed to be an experimental transfer step
to validate laboratory relationships on a structure wherein
conditions could be controlled and adjusted to provide a simula-
tion of a range of reactor monitoring conditions. Additionally,
it was intended to identify limitations in the AE technology for
structural monitoring and develop improvements to overcome
these limitations. Key considerations in the work included:

. reliability of flaw detection and location

. ability to detect AE signals in the presence of reac-
tor background noise

. separation of crack growth AE signals from similar
acoustic signals produced by innocuous sources (slag
inclusions, insulation rubbing, etc.)

. ability to interpret AE data in terms of source signi-
ficance

. effect of temperature on detection of AE from crack
growth.
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The decision was made to perform Phase 2 by participating
in testing of a German vessel (ZB-1). Arrangements were made
under the NRC-BMFT Safety Research Exchange Agreement. The site
of the test was a test bunker at the Grosskraftwerk Mannheim
facility in Mannheim, West Germany. This provided the necessary
facilities for performing high temperature testing. The test
vessel was located about 18 meters (60 feet) underground in the
test bunker with the AE instrumentation located in a trailer at
ground level adjacent to the test bunker.

2.0 TEST EQUIPMENT AND INSTALLATION

The ZB-1 vessel, with a 120 mm thick wall, is 1713 mm 0.D.
and 3750 mm long. An A533B steel section 1500 mm x 700 mm x 120
mm containing I.D. and 0.D. machined flaws (a machined groove
which was fatigue precracked prior to testing) was inserted in
the vessel wall. A second insert, designated KS07C, fabricated
from degraded A508 German steel was also installed. This insert
was 1500 mm x 700 mm x 120 mm and was placed in the vessel wall
on the side opposite the A533B insert.

Other special features designed into the test were:
. A slag inclusion placed into the A533B insert weld.

. An I.D. clad section intended to contain areas of
underclad cracking and poor clad-to-vessel bonding.

The AE monitoring/analysis system consisted of a special
data acquisition front end developed and fabricated by PNL, a PDP
11/23 computer for data analysis, a waveform digitizer and
recorder, and a PDP 11/03 computer for waveform pattern recog-
nition analysis. A special feature of the data acquisition front
end instrument was a high density tape cacrtridge recorder with
a 67 Mbyte storage capacity. This facilitates making a backup
record of all raw data as well as performing on-line data
analysis.

Waveguide sensors made up of 3.2 mm (0.125 in.) diameter by
605 mm (23.8 in.) long stainless steel wire with a piezoelectric
crystal and amplifier integral on one end were used to accom-
modate the high temperature test conditions. Part of these
sensors were pressure coupled in the same fashion they are being
applied for reactor monitoring. The waveguide sensors were
tuned to operate at about 400 kHz frequency.

A special set of commercial sensors with peak response at
110 kHz were installed on the vessel surface for each hydro test.
The intent here was to provide a monitoring regime similar to
what would normally be applied in a preservice hydro test.
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. AE appeared to be sensitive to the KSO7R weld crack in
the second part of Step 1. The flaw was estimated to
have been about 5 mm deep at that time, yet the AE from
the 1.0 x operating pressure hydro shcwed indications
of the crack. Also in the first part of Step 1, the
KS07 degraded material produced an abundance of AE
even before reaching the 1.0 x opeirating pressure
level. The machined defects did not produce AE in Part
2 of Step 1 because they were previously stressed in
Part 1 of Step 1 (some flaw indications noted at that
time) .

. The hydro results raise a serious gquestion about the
effectiveness of AE monitoring during inservice hy-
drostatic testing to 1.15 x operating pressure. Steps
4, 7, and 10 produced no notable indications from the
known flaws. In Step 13, AE was identified with Flaw
B at about 1.0 x operating pressure; however, it was
83% through-wall at this point. The stress intensity
level required to activate Flaw B was about 70 ksi/in.
Flaws A and C barely exceeded this level during the
Step 13 hydrotest. Since no notable AE was detected
for any of the flaws below this stress intensity
level, small flaws do not appear to be detectable at
low overpressure levels during an inservice hydro-
test. As the level of inservice hydro test over-
pressure increases, the flaw detection resolution
could be expected to increase.

It must be noted that the above conclusions do not apply tec
AE monitoring of vessels during preservice acceptance testing
where the flaw areas generally would not have been previously
stressed to a high level. AE monitoring under these conditions
should be effective for flaw detection.

4.2 SPECIAL TEST FEATURES

There were several special features of the test. These
features include:

flow noise simulation
slag inclusion

weld cladding

nozzle cracks

blind test.

The flow noise simulator was effective in testing the
influence of reactor coolant flow noise on detection of AE from
crack growth. It had little affect on AE detection with sensors
tuned to 400 kHz; however, low frequency (150 kHz) sensors were
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saturated. The results were consistent with subsequent data
obtained during hot functional testing at Watts Bar, Unit 1
nuclear reactor in indicating that the flow noise is a manageable
problem.

A slag inclusion placed in the A533B insert weld partially
accomplished its purpose. It indicated that a small slag
inclusion (100 x 3 mm) should not interfere with AE detection.
Due to the small size, however, essentially no AE was detected
which precluded assessing the similarity between AE which might
be produced by a major slag inclusion and that from crack growth.

Weld cladding did not fulfill its intended purpose of
evaluating AE detection of possible noise from defective clad-
ding areas and detection of underclad crack growth due to the
lack of intended flaws. Detection of underclad cracking should
not be a problem, however, since the AE signals would not
traverse the defective area to reach AE sensors on the vessel
QB

Unplanned cracking in the KSO7R insert installation weld
provided an effective "blind" test of AE detection of crack
growth which gave very positive results. AE detected and located
the growing crack significantly before it was confirmed by
ultrasonic testing.

Cracking in the bore of blind nozzles on the vessel was not
clearly indicated by AE. This, however, appears to be due to a
unique geometry effect wherein the discontinuity of the nozzle
bore interferred with propagation of signals to some cf the AE
sensors installed to monitor the vessel cylinder.

4.3 AE MONITORING AT 65°C

The first two-thirds of the ZB-1 vessel cyclic loading test
was performed at 65°C (150°F). This consisted of four elements
designated as Steps 2, 3, 5, and 6. The cyclic loading steps were
alternately low (0.1) and high (0.6) R-ratio to produce crack
front marking between steps as a result of the different crack
growth rate. The maximum pressure for all low temperature cyclic
loading was 240 bar (3530 psig).

AE from growth of Flaws A and B was detected by both the AE
array (Array 2) on the A533 insert and the AE array (Array 3)
monitoring the vessel cylinder. The crack growth AE assumed
consistent characteristics of high amplitude and of occurring at
or near peak load.

Noise from a manhole cover assembly was an intermittent
problem throughout the low temperature testing. Generally, this
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noise could be handled by filtering with parametrics (load
position and signal amplitude). This, however, underscores the
need for real-time AE identification by pattern recognition to
isolate crack growth AE. Generally, parametrics such as load
position in particular will be of little use in a general reactor
monitoring situation.

There was some evidence of the KSO07R weld crack becoming
active during Step 6. The indications were not sufficiently
prominent to draw attention at that time, however.

Point location of AE sources was not always as concise as
desired. Point source location using a two-dimensional concept
on a heavy section, complex structure is a significant chal-
lenge. This is an aspect of established AE technology that needs
to be reassessed and upgraded.

The need to exercise special care in mounting pressure
coupled waveguide AE sensors was evident. Performance of Array
3 (pressure coupled) was marginal until the waveguide-to-vessel
interface pressure was corrected. This resulted in a signi-
fidant improvement in array performance.

4.4 AE MONITORING AT 288°C

High temperature - 2880C (5500F) - test conditions were
imposed during the last one-third of the cyclic loading. This
constituted Steps 8, 9, and 11 for a total of 7300 load cycles.
R-ratios of 0.4 and 0.6 were applied alternately during this
period. The maximum cyclic pressure was 250 bar (3675 psig).

The dominant sources of acoustic emission during the high
temperature portions of the test were manhole noise during Step
8, and KSO7R weld cracking during Steps 9 and 11. Flaw growth
activity from A, B, and C was detected by all arrays during Steps
8 and 9, but was overshadowed by the large amount of activity
from the KSO7R weldment during Step 11. In the hot phase of the
test, Array 3 was most effective at dectecting and locating
activity from the KSO7R weld cracking and least effective at
detecting events from Flaws A, B, and C under the given circum-
stances. Overall, Array 3 (cylindrical array) performed better
than Arrays 1 and 2 (quad arrays). The latter two showed a
tendency to mislocate data originating outside of the array to
show it inside the array. This was not the case with Array 3.
The amplitude and load position characteristics of the AE
signals from Flaws A, B, and C were similar to signals detected
during 65°C testing. Signal attributes for events from the KSO7R
weld cracks were different than for Flaws A, > and C. The
difference in signal amplitudes was probably - . 't due to the
large source-to-sensor distance. The subst....ially higher
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event rates from the KSO7R weld cracks may have resulted from
differences in material chemistry, heat treatment, and flaw
geometry.

4.5 AE/FLAW GROWTH INTERPRETATION

Flaw growth characteristics for Flaws A, B, C, and KSO7R
weld cracking have been determined from NDE, crack-opening-dis-
placement and fractographic measurements. This information was
used to establish crack growth rates for comparison with pre-
dictions derived from the AE/flaw severity relationship. The
near field array \Array 2) consistently detected more AE events
than the far field array (Array 3). Both arrays failed to detect
any notable AE from Flaw C at 659C test conditions, but this was
probably due to the small amount of crack growth produced by this
defect. The amount of AE caused by large crack jumps varied,
which matches experience with laboratory specimens.

A test of the flaw severity relationship indicates that the
model underpredicted crack growth rates at 659C test tem-
perature. This result was not anticipated but may not seriously
impair the utility of the relationship for use at operating
pressure and temperature. When the relationship was applied to
2850C data, the crack growth rate was consistently overpredicted
by the near field array as was expected. The far field array
results were not conservative in that the crack growth rate was
underpredicted in half the cases. Clearly the source-to-sensor
distance was largely responsible for this effect. The range of
predicted crack growth rates were within the normal variation
observed during laboratory testing. It is significant to note
that the relationship tends to compensate for the range of
absolute number of AE signals detected by the two arrays for the
same two installed flaws.

A test of the relationship on the weld cracking in the KSO7R
replacement patch was attempted and indicated a significant
overprediction of the crack growth rate. The magnitude of the
overprediction was beyond our expectations based upon the lab-
oratory data. Possible explanations for the difference in
behavior are material chemistry, heat treatment, and the ex-
tremely complex geometry of the KSO7R weld crack.

4.6 CRACK GROWTH AE SIGNAL IDENTIFICATION

One of the key requirements of this program is to develop
a method of separating AE signals produced by crack growth from
acoustic signals produced by innocuous sources. Signal pattern
recognition using signal processing techniques to generate
features related to spectral content was chosen initially. This
did not produce satisfactory results during the test. A second
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*cset of features consisting of the parameters of a 10th order
autoregressive model of each waveform was developed out of
analysis of initial ZB-1 data. This approach showed some
improvement in identification of acoustic signals from the ZB-
1 test, but still did not produce the performance level con-
sidered necessary (>90% correct classification).

In the course of reassessing the problem, waveform v
waveform source location made possible the identification of a
consistent three-pulse signal pattern present in practically
all waveforms originating near known and suspected regions of
crack growth. This is a function of the waveguide sensor
response to excitation by a fast rise time, short duration
signal. A signal classification method developed around this
phenomenon has produced over 90% correct classification of
recorded acoustic signals examined. This meets the required
level of accuracy for an effective working tool.

5.0 CONCLUSIONS

The ZB-1 test results provide strong support to the feas-
ibility of flaw surveillance in reactor pressure boundaries
using AE. Key points of the test results are highlighted below.

The ability of an AE monitor system to perform over a long
period under adverse conditions was demonstrated.

Generally, detection of AE from growing flaws was good at
all stages of the test. One of the major achievements was
detection of an unexpected crack growing in the KS07 replacement
weld. This was clearly detected by AE well before it was con-
firmed by ultrasonics. Some of the AE sensors were 3 meters fron
the source.

Analysis of the test data to identify AE signals from crack
growth has underscored the need for a method to isolate crack
growth AE signals in real time. The pattern recognition algo-
rithms applied for this purpose during the test performed
discrimination correctly for many of the signals, but the
overall performance was not acceptable. Post test analysis of
recorded waveforms has, however, produced a modified approach
which achieves a correct classification level greater than 90%
for the ZB-1 data.

A test of the flaw evaluation model was performed. The
relationship underpredicted the crack growth rate at 65°C
(150°9F) test temperature and overpredicted the crack growth rate
at 2859C (550°F) test conditions. The high temperature results
were within the expected range based upon the observed vari-
ations in laboratory data. The low temperature results were
below the expected range. This may be due to a change in the
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power-law relationship at low crack growth rates and/or that the
relationship based on 209C (70°F) data should be corrected for
use on 65°C (150°F) data.

A test of the relationship on weld cracking in the KSO7R
replacement patch was attempted and indicated a significant
overpredciction of the crack growth rate. The magnitude of the
overprediction was beyond our expectations based on laboratory
data. This result may have been due to differences in material
chemistry, heat treatment, and flaw geometry.

Results from the hydrostatic tests lead to three conclu-
sions.

. For preservice hydro testing to detect flaws where the
vessel has not been previously stressed to operating
conditions, AE monitoring should be an effective
technique to detect and locate flaws because the flaws
and surrounding material will be experiencing a new
level of strees.

. Application of AE monitoring to inservice hydros
limited to an overpressure of 1.15 x operating pres-
sure appears to be of questionable effectiveness.

. In the case where higher hydro overpressures are used
(i.e., in the order of 1.4-1.5 x operating pressure),
AE monitoring appears to offer a useable degree of
flaw detection resolution.

The AE event rate at a constant crack growth rate was not
dependent upon temperature.

The high AE event rates from the KSO7R weld cracks suggest
that material chemistry and heat treat condition combined with
complex flawed geometry may also significantly affect the AE
event rate.

The results from the 2ZB-1 test have identified areas of
technology which need to be improved. These areas do not
preclude useful application of the technology at this time, but
they are improvements needed to enhance the effectiveness and
maturity of the technology.

Overall, the ZB-1 test is considered to be an unquestion-
able success. It provided valuable information to support
continuous AE monitoring for flaw detection and it showed
limitations which need to be observed in application of the
technology and ultimately eliminated. Much of this information
could not have been practically obtained in any way other than
a test such as ZB-l.
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ACOUSTIC EMISSION RESULTS OBTAINED FROM
TESTING THE ZB-1 INTERMEDIATE SCALE
PRESSURE VESSEL - AN INTERIM REPORT

1.0 INTRODUCTION

A program devoted to developing and demonstrating the use
of acoustic emission (AE) methods for continuous surveillance of
reactor pressure boundaries to detect flaw growth is in progress
at the Pacific Northwest Laboratory (PNL).l This work is
sponsored by the U.S. Nuclear Regulatory Commission. 1In an
initial phase, technology was developed in the laboratory to
identify AE from crack growth and to utilize that AE information
to estimate flaw severity.Z2 Two key subsequent phases are con-
cerned with evaluating the technology through testing on an
intermediate scale test vessel (Phase 2) and finally, demon-
strating the technology on an operating reactor (Phase 3).

Phase 2 has been accomplished by testing an intermediate
scale vessel. Results from the test constitute the subject of
this report.

Phase 3 of the program is being performed at the Watts Bar
Unit 1 Nuclear Plant through the cooperation of the Tennessee
Valley Authority. Progress on Phase 3 is reported separ-
ately.3.,4

1.1 PHASE 2 CONCEPT AND APPROACH

Theoretical transfer of laboratory test results to a full
size structure is complex and uncertain particularly in the case
of AE. Phase 2 was designed to be an experimental transfer step
to adjust and validate laboratory relationships on a structure
wherein conditions could be controlled and adjusted to provide
a simulation of a range of reactor monitoring conditions.
Pertinent test vessel design criteria included the following:

. wWall thickness - greater than 100 mm (4 inches) thick~-
ness.
. Vessel diameter and length should be sufficient to

test AE detection over a representative distance - at
least 3 meters (10 feet).

. Vessel material should be representative of U.S.
reactor pressure vessel steel - A533 Grade B, Class 1
steel.

. Vessel should be cyclically and monotonically loaded.



Flaws will be exposed to pressurized water at tem-
peratures up to 288°C (550°F).

Cyclic stressing at R-ratios ranging from 0.1 to 0.7
(R = minimum pressure/maximum pressure) shall be em-
ployed.

Nominal stress levels should be representative of
those in operating reactor pressure vessels.

Innocuous noise sources representative of reactor
environment - e.g., coolant flow noise, insulation
rubbing, slag inclusions, base metal-to-cladding in-
terface noise, and electrical transients should be
simulated.

The objective of Phase 2 was to determine the effectiveness
of laboratory developed relationships and methods for monitor-
ing flaws in a structure which simulated the conditions of
monitoring a reactor pressure vessel. Additionally, to identify
limitations in the AE technology for structural monitoring and
develop improvements to overcome these limitaticns. Key con-
siderations in the work included:

reliability of flaw detection and location

ability to detect AE signals in the presence of reac-
tor background noise

separation of crack growth AE signals from similar
acoustic signals produced by innocuous sources (slag
inclusions, insulation rubbing, etc.)

ability to interpret AE data in terms of source signi-
ficance

effect of temperature on detection of AE from crack
growth.

Three approaches to accomplishing Phase 2 were considered.

1.

2-

Install a test facility at PNL capable of performing
the required testing.

Utilize test facilities at another national labora-
tory site (Oak Ridge National Laboratory).

Participate in vessel tests planned as part of the
Federal Republic of Germany's program to investigate
pressure boundary integrity issues. This included the
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Figure 2.2. Test Features of the ZB-1 Vessel.

performed under contract with the German Materialpruefungsan-
stalt (MPA), Stuttgart using material supplied by PNL. A report
detailing the fabrication process is included as Appendix B.

A second insert designated KS07 of A508 degraded German
steel was also included. This insert was 1500 x 700 mm and 120
mm thick. The material was degraded by modified fabrication heat
treatment to produce extensive micro and macro cracking. The
purpose in testing the materi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>