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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party's use, or the results of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.
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Most documents cited in NPC publicatiors will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, OC 20555

3. The National Technical information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents amilable for inspection and copying for a fee from the NRC Public Docu-
ment Room include NRC correspondence and internal N RC memoranda; NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical Information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technir.al libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and
state leg station, and congressional reports can usually be obtained from these libraries,

Documents such as theses, dissertations, foreign reports and translations, and non NRC conference
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there for reference use by the public, Codes and standards are usually copyrighted and may be
purchased from the originating organitation or, if they are American National Standards, from the
American National Standards institute,1430 Broadway, New York, NY 10018.
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ABSTRACT

Technical progress toward continuous acoustic emissionmonitoring of nuclear reactor pressure boundaries for flaw
detection is described for the period April-September 1984. A
draf t. report of ZB-1 vessel test results was completed. Growth
of machined flaws was detected by AE during both 650C and 2850C

ltesting. A key result was clear detection of a natural crack in
a fabrication weld by AE. Crack growth rates estimated from AE
data compared well with measured crack growth rates for the
machined defects. In service hydro test monitoring gave mixed
results. Questionable vessel integrity as denoted by continued
AE at pressure hold is readily detectable. With low overpressure
(1.15 x operating pressure), flaws as dee) as 707. through-walldid not produce significant AE. With higler overpressure (1.4
x operating pressure), flaws produced identifying AE. An
engineering prototype AE monitor system has been completed for

|

;

use in operational monitoring at Watts Bar Unit I reactor. A 1modified approach to crack growth AE signal identification is
producing about 95% correct determinations on recorded wave-
forms from the ZB-1 vessel test. A report on results from AE
monitoring hot functional testing at Watts Bar Unit I has beenpublished.
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P. H. Hutton, Project Manager
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SUMMARY

Initial analysis of all data from the ZB-1 intermediate
scale vessel test has been completed and a draf t report prepared.
AE from growth of the machined flaws was consistently detected
during both low temperature (650C) and high temperature (2850C)t. !

i testing. Crack growth rates estimated from AE data compared well'
with measured crack growth rates from machined defects. A major
result was detection and identification.of an unexpected crack
in a vessel f abrication weld. Fracture surfaces associated with

t the -various flaws are being examined at both PNL and MPA,
| Stuttgart.

|
i Hydro test results from the ZB-1 vessel test indicated that
| large flaws (>807. through-wall) could be detected during a 1.15
| x operating pressure hydro test. Smaller flaws will probably not

-be detected.

An engineering prototype AE monitor has been completed and1

is being tested. It will be installed at Watts Bar, Unit I
reactor..

Tests to characterize AE from ICSCC are in process.

A modified approach to crack growth AE signal identifi-
cation by pattern recognition is giving about 957. correct
identification using acoustic signals recorded during the ZB-1
vessel test.

NUREG/CR-3693 describing results from AE monitoring hot
functional ~at Watts Bar, Unit I reactor has been published.

r

(a) Work supported by the U.S. Nuclear Regulatory Commission
under Contract DE-AC06-76RLO 1830 FIN. B2088: NRC Contact:Dr. J. Muscara.
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INTRODUCTION

The purpose-of this Pacific Northwest Laboratory (PNL)
program is to evaluate the feasibility of detecting and analy-
zing flaw growth in reactor pressure boundaries on a continuous
basis usint; acoustic emission (AE). Type A533B, Class 1 pressure
vessel steel, and SA351-CF-8A cast stainless, Type 304 wrought,
and A106 ferritic piping steels are being considered. Objec-
tives of this program are to

develop a method to identify crack growth AE signals.

in the presence of other acoustic signals

develop a relationship to estimate flaw significance.

from AE data

develop an instrument system to implement these tech-.

niques

demonstrate the total concept off-reactor and on-.

reactor.

TECHNICAL PROGRESS
'

Technical progress for the report period is treated under
the following topics:

Off-Reactor Vessel Test.

Reactor Monitoring.

AE Signal Pattern Recognition.

Stress Corrosion Cracking Tests.

OFF-REACTOR VESSEL TEST
'

The of f-reactor vessel test, designated ZB-1, was per-
formed in Mannheim, West Germany in cooperation with the Mater-
falpruefungsanstalt (MPA) laboratory and Grosskraftwerk Mann-
heim (GKM) utility company. The test was completed in late ,

September 1983 af ter one year total duration. To aid the reader
'

'

in keeping the discussion in context. Figure I summarizes the
This shows the various features (A533B( test vessel arrangement.

insert with machined precracked flaws, slag inclusion, ID clad
areas, and the insert of degraded German steel) of the test
vessel which are of primary importance.

,
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Figure 1. Test Features of the ZB-1 Vessel.

A draf t report has been completed on results from the test.
Results f tom the various phases of the test are summarized here
to provide an overview.

AE Monitoring at 650C (1500F)

AE from growth of the machined flaws A, B, and C was
detected by both a sensor array on the A533 insert and by an array
monitoring the entire vessel cylinder (Figure 2). The crack
growth AE assumed characteristics of high amplitude relative to
laboratory test data and of occurring at or near peak load. The
AE data rate was power-law related to the actual crack growth
rate as determined by crack opening displacement and fracture
surf ace measurements. This is discussed further under AE/ FlawCrowth Interpretation.

Flow noise simulat f or, had little af f cct on AE detection
with sensors tuned to about 400 kilz, however, low frequency (150
kHz) sensors were complet(ly saturated. These results are
consistent with subsequent results obtained on TVA's Watts Bar
Unit I nuclear reactor.

3
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Figure 2. AE Source Locations - Step 5, Array 2, ZB-1 Vessel
Test.

Noise from a manhole cover assembly was an intermittent
problem throughout the low temperature testing. Generally, this
noise could be eliminated 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 reactor
monitoring situation.

There was some evidence of AE activity from the KS07R insert
weld during the final step of low temperature testing. The
indications were not, however, suf ficient to draw attention to
the weld at the time.
AE Monitoring at 2850C (5500F)

,

The major feature of the high temperature testing phase was
detection and identification of an unanticipated crack in the
KS07R insert weld. AE f rom growth of the machined flaws A, B and
C was also detected. Figure 3 filustrates AE distribution during
the middle phase of cyclic testing. During the third and final
phase of cyclic testing, AE f rom the weld crack became so intense
that it overshadowed other sources. Figure 4 shows the weld
crack at the end of the test.
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Figure 3. AE Source Locations, Step 9, Array 3 (65-80 L.P.),
ZB-1.

AE signals from crack growth were detectable at distances
of at least ten feet by pressure coupled wave guide AE sensors.

There was some evidence of a crack growth rate influence on
detection of AE from crack growth. An external machined flaw
which grew only about 0.17 inches in depth during the entire test
produced very little detected AE. The estimated crack growth
rate determined from C0D data. ranged from 0.04 to 0.3 microinches
per second. Two internal machined flaws which grew 1.9 and 2.3
inches respectively unquestionably produced detectable AE
throughout the test. The estimated crack growth rates ranged
from 0.4 to 2.6 microinches per second. This is a potentially
important result from this test.

AE/ Flaw Growth Interpretation

Flaw growth characteristics for the machined flaws and the
KS07R weld cracking have been determined from NDE, crack-
opening-displacement and fractographic measurements. This in-
formation was used to establish orack growth rates for compari-
son with predictions derived from the AE/ flaw severity rela-
tionship (see Figure 5). A test of the relationship using data
from the machined flaws (Flaws A, B, and C) indicates that the
relationship tended to under predict the crack growth rate at

( 650C test temperatures. This was not expected but may not

5
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Figure 5. Evaluation of the AE/ Flaw Severity Relationship,
ZB-1 Vessel Test.

seriously affect the application of the relationship on an
operating reactor. When the relationship was applied to data
taken at 2850C, the crack growth rate was generally over pre-
dicted, as was expected since the relationship is derived from
a lower. bound limit of laboratory test data. The range of
predicted crack growth rate was within the normal variation ob-
served during laboratory testing.

A test of the relationship on the weld cracking in the KS07R
- replacement patch was attempted and showed a significant over
prediction on the crack growth rate. The magnitude of the over
prediction was beyond our expectations based upon the laboratory
data. Basically, this resulted from the very high rate of AE
from the weld crack. There are several possible explanations for
the very high AE activity level. First, the material chemistry
of the KS07R weldment is undoubtedly dif ferent from A533B steel.
Impurity levels are known to be largely responsible for the AE

,

. activity in high-strength-low-alloy steels and so material
chemistry may be an important factor in the production of AE from
this weldment. Secondly, dif ferences in heat treat conditions
may be responsible for the emissiveness of this material. Thet

: cracking tended to originate in the HAZ of the weldment which was
not stress relieved. The weld HAZ may have been somewhat more
brittle than the surrounding material due to lack of stress
relief thereby giving rise to greater amounts of AE. Lastly, the

7
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4 flaw geometry in ~ the KS07R weldment was extremely complex as.
ishown in Figure 4. Many surfaces were available .to produce'

.

4- corrosion and rubbing types.of AE. The accumulated length of the
flaw which.provided many sites for AE production (crack growth,
rubbing, and oxide film cracking) is difficult to accurately
determine. <

,

'

,
. Hydrostatic: Test Results

There were five; hydrostatic tests performed as part of the
ZB-1 test. The objective was to evaluate the effectiveness of

~

AE . monitoring during inservice hydrostatic tests to detect'

,

| flaws.. The results obtained do not necessarily relate the the
ef fectiveness of AE forL flaw detection during preservice hydro-
tests. Flaw size and amount of over-pressure-(maximum hydro
pressure.vs. operating pressure) are key variables. The hydro
tests performed were:

Step 1 - 1.00 x Operating Pressure.

1.02 x Operating PressureStep 4 -.

Step 7 - 1.04-x Operating-Pressure. .

! Step 10 - 1.15 x Operating Pressure.

-Step 13 - 1.36 x Operating Pressure..

- The AE results from the hydro tests performed in the course'

,

' of the ZB-1 test-lead'to the following. conclusions:
~

_

In the context of the pretest hydro of the ZB-1 vessel,_- .

o:
~ AE was sensitive to two unic ue flaw conditions. In the 3

first-part of Step 1, KS07 tegraded material,which was
subsequently replaced because of concern over pos->

sible. failure produced an abundance of AE even before
reaching the 1.0 x operating pressure level-(Figure
6). In the second part of Step 1,. af ter -the; degraded
insert was replaced,.the KS07R weld crack-which ap-
pears to have initiated during welding is estimated to
have-_been.only about 5 : mm deep -(4% through-wall);.<

.however, the.AE from the 1.0 x operating pressure
.

hydro showed some indications of the crack (Figure 7) . .

The machined defects did not show up in Step 1 probably
because = they had : been previously stressed in . pre-

<

cracking.
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28 Minutes of Phase 1, Step 1 Hydro, ZB-1 Vessel
Test.
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.The hydro results-raise a question as to the effec-. tiveness of . AE monitoring during inservice hydro-
static testing to 1.15 x operating pressure. Steps 4,
7 and 10 (1.02,1.04 and 1.15 x operating pressure
respectively) produced no noteable indications from
the known flaws. In Step 13 (1.36 x operating pres.
sure) AE was identified with Flaw B starting at about
1.1 x operating pressure (Figure 8); however, flaw B
was 80% .through-wa11 at this point. This is a ques-
tionable degree of resolution for early detection of
flaws.

1500 . ,, , ,, ,

KS_ 7R Insert Bottom ,, Nozzles (Type)0

Weld [
1000 -

- .

O Cfgd . :,,_
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- iA | .3 i
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-1500
3000 2000 -1000 0 1000 2000 3000

X Coordinate (mm)

Figure 8. AE Source Locations, Part 2, Step 13, ZB-1 Vessel
-Test.

With higher overpressure (about 1.4 x operating pres-.

sure or greater), it appears that AE does provide a
reasonable degree.of flaw detection resolution. In

Step 13, 'the KS07R weld crack as well as the machinedRefer-flaws produced AE at about 1.3 overpressure.
ring to Figure 9, the areas labeled 3 and 4 are related
to the weld crack and the area labeled 2 is from the
machined flaws. Areas 1 and 5 are known artificts from
movement of steel bands around the vessel. In this

plot of AE source locations, there are a number of
scattered indications, the source of which have not~

been identified at this time. They may be due to the

10
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Figure 9. AE Source Locations, Array 3, Step 13, Total,ZB-1 Vessel Test.

whole vessel being in a stress range not previously
experienced during the test. It was indicated by NDI
and by examination of trepan samples from the weld
area that the weld crack depth ranged from 10 to 40 mm
(8 to 30% through-wall) at this time and as stated
above, Flaw B was 80% through-wall. The higher
overpressure logically improves the flaw size resolu-
tion of AE monitoring during hydro.

In summary, AE monitoring during in-service hydros woulddetect a possible f ailure. condition or a major flaw; however
detection of small flaws particularly in a 1.15 over pressure,
hydro is questionable. It must be emphasized that these conclu-
sions do not apply to preservice tests where the structure has
not been previously stressed to a significant level. Resolution
of flaw detection by AE should be much better in that case.

We expect to finalize the report on ZB-1 vessel test results
for publication in December 1984.

REACTOR MONITORING

The Tennessee Valley Authority is cooperating in this
program by permitting AE monitoring of selected pressure bound-
ary areas during prestartup testing and during reactor operation-

11



at Watts Bar, Unit 1. The areas being monitored are the #2 inlet i

nozzle, the safety injection line adjacent to the #2 cold leg,
and a section of the vessel wall. AE monitoring was performed
during cold hydrostatic testing in late 1981 and the results were i

summarized in NUREG/CR-2880.

Hot functional testing at Watts Bar, Unic 1 was performed
in July 1983. The same pressure boundary areas were AE monitored
during that -period. A topical report, NUREG/CR-3693 describing
the AE results from hot functional monitoring was published June
1984.

Work focused on completing an engineering prototype AE
monitor system for use in operational monitoring at Watts Bar
Unit 1. The AE monitor system used in the ZB-1 vessel test
performed with very limited problems during the one year dura-
tion of the test and has continued in use on laboratory tests
since that time. An engineering prototype system design has been
developed based on the ZB-1 experience. The instrument concept
is shown in Figure 10.

The acquisition subsystem, which receives data from the
sensors, is composed of 24 channels divided into six arrays.
Arrays may be composed of 1, 2, 3, or 4 channels. Each channel
has a maximum electronic amplification of 90 dB, which can be
reduced with channel attenuators in 1 dB steps by 14 dB. A 20

,
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Figure 10. Engineering Prototype AE Monitor System Functional
Diagram.

12

--- - - _ _ . ___ _.



dB microamp is used in close vicinity of the sensor to provide-
sensor impedance matching and cable driving. All amplifierstages are linear.

!

Data collected from each array. consists primarily of 1)
delta-times,-2) RMS, 3) peak time, 4) pulse height, and 5) sensor
hits. Delta-times are used for source location 'and are measured
with 1 microsecond resolution. RMS is measured on each channelfor leak detection analysis. Peak time and pulse height are
measured only on one channel of each array. Sensor hit totals
are . used to determine both sensor functional condition andsignal propagation affects.

A11= data is recorded on a 67 Mbyte cartridge tape for long
term storage. The data is also passed on a high speed buss to ;

the DEC 11/73 for real-time analysis.-

-The system is operated on a menu approach wherein-a video
display shows function choices to the operator and a keyboard

'

'lets the operator enter his choice. Once a choice is made, a
series of. questions and prompts follow for operator guidance.

Data analysis is performed in a separate subsystem which.is
designed to maximize speed and information accessibility with a
minimum of operator intervention. It operates in both an on-line
mode with data directly from the data. acquisition subsystem or
in an off-line mode-receiving data from cartridge tape.

Hi15 MHz, gh processing speeds are attained with the use of DEC's32-bit J-11 CPU and over 2 Mbytes of RAM memory. System
sof tware resides in battery backed nonvolatile memory eliminat-
ing- the need for the slower mechanically based mass storagedevices.

The analysis subsystem allows easy access to_information
for personnel not experienced in the details of acoustic emis-
sion monitoring techniques and instrumentation. Front panel
' lamps and gauges serve to direct the operator to monitoring
conditions and to instrument conditions such as data storage
device full or hardcopy paper empty. Information concerning
acoustic activity is presented in the form of graphic displayson a CRT screen. the selection of display type, reactor area of '

interest, and information screening is accomplished through the
use of front panel switches. With minimal training, the operator,

ican characterize acoustic activrty according to its location,,

rate, and characteristics (amplitude, rise time, and pattern. recognition classificaiton).'

Several automated features are integral to the analysis
subsystem to; facilitate unattended operation. Periodically,

-.
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+

hard copies of a_ sel.ect group of principle displays are generated
by the system. A modem can be used for remote system access. A
67. Mbyte car tridge tape unit used for off-line analysis alsoD

serves as a backup read-time data storage device when the primary
storage. device.in the acquistion; system has been. filled.. The

~dat6 processing ~ rate.is about 150 events per . second maximum.
. Data. rate can,be reduced by'several variables such as the-size1

of the sensor array,' the length of time that a high data rate is-

sustained,-and/ buffer capacity.

The. instrument system hardware is illustrated in Figure 11.
The modules _will be installed.in existing racks at Watts.Bar,

: Unit.'1.. -The system is currently undergoing extensive functional
testing'in:the laboratory.

Fuel loading at Watts Bar, Unit I has been delayed until
: March.1, 1985.

AE SIGNAL PATTERN RECOGNITION

One of the key elements of this program is to develop a
method of separating AE' signals produced-by crack growth from
-acoustic signals produced'by innocuous sources. The original

signal processing. techniques toapproach taken_ was to use
-generate | features related to spectral content of the signals. .

"

-These - features _ provided a reduced set of information that
' described characteristics of the waveform of interest. Analysis

,

: of waveforms recorded on the ZB-1 test showed that the method was *

'not effective in separating crack growth.AE from noise.

,In the course of reassessing the problem, visual examina-
' tion of . recorded waveforms showed evidence of a consistent
three-pulse signal' pattern present in practically all waveforms

. originating _-near known and suspected regions of crack = growth
-(Figure 12). It was; determinecl experimentally that the three
. pulses'are wave modes, traveling at dif ferent group velocities,

-

. and ' tha t. separation of these wave modes takes place in the
waveguide as a response to a high frequency, short duration' input
p ul s e |- i . e.. ,' a n AE s igna l . Incorporation of this feature into
a pattern recognition approach has resulted in correct classi-
fication. rates of:about 95% when applied to recorded waveforms
from the.ZB-1. vessel-test.

L Current emphasis is-on incorporating the pattern recogni-
' tion' technique. into the engineering prototype system to perform.
analysis-on acoustic signals as they are received.

'STRESStCORROSION CRACKING TESTS

Stress corrosion cracking tests to characterize the asso- .

-14
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| Figure 11. Engineering Prototype AE Monitor System for Watts
1 Bar, Lini t 1 Reactor.
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Figure 12. Three Pulse Response of Waveguide Sensor to AE
Signal.

ciated AE are in process using two 4 inch Sch. 80, Type 304
stainless steel pipe specimens. Figure 13 shows the test
assembly with the specimen clevis pinned to the load cell and
bottom mounted hydraulic cylinder. The upper flange connects
the specimen to the alignment bearing and the hot water loop.

Before applying axial test loads, the water loop was heated
to 5500F at a pressure of 1350 psig, demonstrating its ability
to hold required temperature and pressure within tolerances. It
was necessary to wrap the load cells with water cooled coils to
keep them within operating specifications.

AE sensors were attached to each specimen with accompanying
data recording instrumentation. A four sensor cylindircal array
is used on each specimen to provide point source location. A
fifth sensor is used on each specimen for signal waveform
recording.
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Water loop chemistry is:
Source- Loop

WaterParameter ' Water 4

pH. 5.54 5.74

conductivity-( mho)_ l .' 7 6 ' 3.02

02 mg/l 6.03 4.88

'Cl mg/l <0.02 0.12

'

S05 mg/l 0. 3 <0.02

Axial -loads at' temperature _were applied on July 9,1984. Loading
conditions were:

v4 Axial Stress, ksi.

Te s t - Externally Water Cyclic

Specimen Applied Pressure Frequency

'l- 13.5 4.5 1/ day

2 5.5' 4.5 1/ week-

There is'no evidence of cracking in either specimen yet.

. REPORTS

NUREG/CR-3693, " Acoustic -Em'ission Monitorin f Hot Func-
- tional Testing, Watts Bar Unit 1 Nuclear Reactor,"g owas published
J u ne , o 1984.

FUTURE-WORK

Publish NUREG document on ZB-1 vessel test results..

Review ZB-1 vessel test results with German participants..

Complete. testing of the' engineering prototype AE. system.
~

.

Install equipment on Watts Bar, Unit I reactor for opera-._
tional AE monitoring.

18
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Continue AE characterization of-IGSCC.- .

,

' Submit a . complete - standard to ASTM for continuous AE: .

monitoring of. pressure systems.

.
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