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ESTIMATE OF FEASIBILITY TO DEVELOP
ACOU TIC EMISSION--FLAW RELATIONSHIPS FOR
INSERVICE MONITORING OF NUCLEAR PRESSURE VESSELS

EXECUTIVE SUMMARY

1he work presented in this report is part of an ongoing program at
Pacific Northwest Laboratory to determine the feasibility of continuous
inservice monitoring of nuclear pressure vessels, using acoustic emission (AE)
to detect and evaluate growing flaws. The work is sponsored by the Reactor
Safety Research Division of the United States Nuciear Regulatory Commission.
The major program objectives are to:

e de =2lop criteria to distinguish flaw growth AE from nonsignificant
acoustic signals

e develop an AE/flaw growth model as a basis for relating inservice AE to
flaw significance

e demonstrate application of program results through both off-reactor and
on-reactor testing.

This work was initiated in July 1976, with most of the preliminary
activity aimed at developing appropriate AE measurement methods. Subsequent
emphasis was placed on developing AE/flaw relationships, which is one of the
major program objectives.

To fulfill the program objectives, laboratory fracture mechanics tests
have been pervormed. These tests were designed to determine the effect of
variables such as microstructure, flaw geometry, temperature and mechanical
loading upon the AE response during increasing flaw severity. Future tests
will more fully simulate reactor pressure vessel hshavior.

From these tests, two empirical models have been developed to relate AE
to fatigue crack growth. One mode. relates rate of change of AE to stress
intensity factor range or the crack growth rate. The other model relates
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to-al accumulated AE to stress intensity factor. Both of these are still
preliminary models that need refinement. They do, however, demonstrate for
14 variations in material, geometry and ‘emperature (collectively) a
consistent increase in AE associated with increasiny flaw severity. The
results thus far are encouraging and we conclude tha! there is a high
potential for achieving t'ie goal of detecting and evaluating flaw growth in a
reactor pressure vessel by continuous AE monitoring.

Further assessment of feasibility hinges upon the results of tests
designed to more fully simulate the reactor pressure vessel. These tests (to
be performed during the latter half of FY-79 and FY-80) will consist of
experiments incorporating heavy section material and include environmental
factors such as high-temperature and high-pressure water in contact with a
growing crack.
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ESTIMATE OF FEASIBILITY TO DEVELOP
ACOUSTIC EMISSION--FLAW RELATIONSHIPS FIR
INSERVICE MONITORING OF NUCLEAR PRESSURE VESSELS

INTRODUCTION

The purpose of this program is to evaluate the feasibility of detecting
and analyzing flaw growth in reactor pressure boundaries by continuously
monitoring for acoustic emission (AE). Major program objectives are:

« develop criteria to distinguish flaw growth AE from nonsignificant
acoustic signals

e develop an AE/flaw growth model as a basis for relating inservice AE to
flaw significance

e demonstrate application of program results through both off-reactor and
on-reactor testing.

The program was initiated in July 1976. One of the identified requirements
is an evaluation of feasibility of achieving the program objectives based on
results through FY-78. 7Tnis repcrt presents that evaluation and recommends
additional investigation required. The time period covered has been extended
into FY-79 to permit including important test results.



SUMMARY

To fulfill the program objectives, laboratory fracture mechanics tests
have been performed. These tests were designed to determine the effect of
variables such as microstructure, flaw geometry, temperature and mechanical
loading upon the AE response during increasing flaw severity. The results of
these tests consistently si.ow that an increased AE response is associated with
increasing flaw severity. Thus, we cr~~lude that there is a high potential
for achieving the goal of detecting and evaluating flaw growth in a reactor
pressure vessel by continuous AE monitoring.

Achieving the potential of detecting and evaluating flaw growth in a
reactor pressure vessel depends upon two major factors: first, consistent
relationships between flaw severity and measurable AF parameters ar*, second.
a data acquisition system suitable for long term exposure to a reactor
environment.

The first factor includes characterization of significart AE and
development of an AE/flaw growth model (the first two program objectives).
Primary emphasis has been on developing an AE/flaw g-owth model using
laboratory fracture mechanics scoping tests.

Two major mechanicai loading conditions were considered for the
preliminary scoping tests on A533B materiai. The first was associated with
the assumption that fatigue crack growth (FCG) is the primary mechanism
whereby flaws grow in a pressure vessel during service. Secondly, it was
decided that transient loading conditions should be considered if the approach
was to have application to, for example, off-normal reactor operation. Herce,
laboratory FCG and fracture (rising load) testing were incorporated into the
program. The parameters for FCG and fracture tests on A533B material have
been monitored for AE at room temperature and 550%F in air. Three
laboratory specimen configurations were used to gather the appronriate
information: 1) single edge notch (SEN)-througk wall, 2) part-through wall
surface notch (SN), and 3) compact tension (CT)-through wall.
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The AE results from these tests and the results from two heavy section
steel technology (HSST) pressure vessel tes s (6 in. wall thickness) were
compared to assess the potential feasibility of using AE to monitor flaw
growth in nuclear pressure vessels. In general, AE increased with flaw
severity for al. tests. Most of the AE response from SEN defect fracture

tests occurred after maximum load was reached; hence, the majority of the AE
probably occurred from ductile crack extension during mechanical instability.
The data from the SN defect fracture t2,is at room temperature and 550°F
correlated well in form with the HSST pressure vessel tests at -5° and 200°F,
and the AE response appeared to be independent of temperature cver the
temperature ranges tested. The SN defect laboratory fracture tests and the
HSST tests were philosophically similar in that both employed part-through
wall defects and they were mechanically loaded in a similar manner.

The laboratory FCG tests with both SEN and SN defects showed a
temperature effect. Crack growth rates at 550°F for the SEN defects were
between 55% and 75% higher than at room temperature for the same stress
intensity factor range (4K); but ihe AE produced per cycle for the same crack
growth rate appears to be less for the higher temperature. The limited SN
data were similar to the SEN results.

A Timited number of results were obtained from CT specimens fabricated
out of base and weld metal., The microstructural difference between the two
specimens did not yield a significant difference in the AE behavior at room
temperature.

One slag inclusion test was performed giving an AE response 4-1 ° times ‘
larger than that of a control sample. However, the results were in. .clusive
to distinguish slag cracking from metal cracking AE within the scope of the
parameters measured. This may be due to the relative smallness of the slag
inclusion and incompiete fusion associat d with the specimen weld.

Four available high-temperature AE sensors have been tested for 2830 hr
exposure at 500° to 550°F in air with weekly cycling to room temperature.
Results show that two sensors (a metal waveguide and a direct surface contact
sensor) can withstand high-temperature environmert for an extended period.



One AE characterization test was completed which showed a decrease in AE
(particularly high-amplitude signals) upon immersion of the specimen in
water. The reason for this effect is being investigated. This same specimen
was useu to investigate the effects of an oxide on the crack surface. When
compared to AE from FCL in the same specimen prior to oxidation, the "oxide
data" showaed a higher AE rate than data obtained from unoxidized specimens
until the fatigue crack front moved away from the oxidized fracture surface.
At this point, the AE rate returned to levels similar to that obtained prior
to oxidation.

The successful application of AE to pressure vessel monitoring depends
upon consistent relationships between flaw severity and measurable AE param-
eters. Two empirical models have been developed to relate AE to FCG. One
model relates rate of change of AE to AK or the crack growth rate {da/dn).
The other mode! relates total accumulated AE to K. Both of these are still
preliminary models that need refinement. They do, however, demonstrate for
14 variations in material, geometry and temperature (collectively) a consis-
tent increase in AE associated with an increasing flaw severity. In addition,
three theoretical models based upon linear elastic fract o mechanics were
compared against the FCG results obtained from several d..rerent specimens.
Only limited promise with such models was found. Room temperature SEN-FCG
data correlated with plastic zone area and crack area models, while CT data
correlated with the plastic zone volume model. The 550%F data could not be
corre,ated with any of the three theoretical models.

Analysis cf measured AE signal parameters--energy, peak-time, amplitude,
and first half-cycle polarity--has not shown clear AE signal characterization.
Very preliminary results using p~ttern recognition techniques are
encouraging.

The overall results thu- far are favorable and the program objectives
appear feasible and practical. We believe that continuing research is
necessary in the following areas to achieve program ohjectives:
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Continued deve opment and verification of the AF/flaw mcuel through
further investigation of the influence of load cycle rate, R-ratio,
simulated service loading, material volume, flaw geometry, temperature,
and water on AE in flawed heavy section material.

Devclopment of AE signal characterization through more rigorous analysis
of the AE signal waveform including such parameters as energy, a modified
measure of peak-time and amplitude during FCG, and time location of the
AE signal with respect to the load waveform - new parameter). Pattern
cecognition techniques need to be further investigated as a potential
method of AE signal identification.

Continued development of data acquisition methodology through AE sensor
testing in a true reactor environment.

Design of an optimized on-reactor AE data acquisition system.

Design of a methodology for application of an interpretive model in the
field.



TEST RESULTS AND ANALYSIS

FATIGUE CRACK GROWTH

A number of FCG tests of A533B base and weld metal have been performed at
room temperature ind 550°F and monitored for AE. Several specimen geometry
and material property variations have been investigated. A summary of the FCG
conditions employed is given in Table 1. The fatigue crack growth rate (da/dn)
versus stress intensity factor range (AK) data for three room temperature tests
are plotted in Figure 1. Within the range of normal experimental scatter, all
of the room temperature da/dn versus AK data fell on the same curve. The
550°F crack growth rate was be . :2n 55% and 75% higher than the room temper -
ature crack growth rate for the same AK level (dashed line in Figure i, no
data points included).

In general, AE-FCG data from all specimens behaved consistently. The rate
of change of AE increased with increases in either da/dn or AK. Plots of the
AE event count rate (counts/cycle, dN/dn) versus da/dn ere given in Figures 2
to 5.

The SEN results plotted in Figure 2 show the >ffects of temperature and
prior piastic strain upon the AE data rate. While the 550°F data represent
only one specimen, increasing temperature appears to decrease the amount of AE
produced per cycle for the same da/dn.

Limited experimental work on the effect of R ratio (R = pmin/Pmax) was
obtained during the 550°F FCG test. The results (Figure 2) are inconciusive
as to the effect of R ratio at 550°F, since they fall within the SEN-FCE
data scatter band. SEN specimer 1-1A-2A was longitudinally prestrained.
Again, the results do not illustrate a distinctive effect since they fall
within the general data scatter band.

Results obtained from compact tension (2T-CT) specimens fabricated from
base and weld metal are plotted in Figure 3. The micrustructural difference
between the two specimens did not produce a significant difference .n the AE
rate behavior.



TABLE 1.
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Summary of Fatigue Crack Growth Test Conditions for A5338B CI 1 Steel

Specimen Specimen Thick ness,
No. Type in.
B2-18 2T-CT 1.75
82-1A 2T-CT 1.75
1-1A-2A SEN 0.5
1-2A-18 SEN 1.0
1-2A-28 SEN 1.0
1-2A-68 SEN 1.0
2-1A-28 SN 1.0
1-2A-6A SN 1.0

(a) BM = Base Meta)
(b) WM = Weld Metal

Test @

Temp, F

RT
RT
RT
RY
RY
550
RT
RT, 550

Material AE System
Condition R Ratio Rate, Hz Sensitivity, ubar

gl 2] 0.1 3 0.11

wn'0) 0.1 3 0.09

BM . 1-4 0.08

8M vl 2-3 0.11

8M 0.1 3-10 0.11

8v u.i, 0.5 2-3 0.9

BM n.l 1-2 0.11

BM 0.° 1 0.12

Em ]

3X Prestrain

3 Pt. Bend
Straightened

3 Pt. Bend
Straightened
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Experimental data obtained during room temperature and 550°F FCG of two
SN specimens are plotted in Figure 4. The effect of temperature on the AE
rate was not as definite as for the SFN defect specimens, but the same general
trend appears. Note that the AE rate drops off markedly as the net section
stress approaches the 550°F yield strength. This effect has also been observed
on the room temperature SEN-FCG tests.(l)

Another interesting effect observed during room temperature FCG testing
of SN specimen 1-2A-6A was the aoparent initially decreasing AE rate with
increasing da/dn. This may have been due to buildup of oxiue on the fatigue
crack fracture surfaces resulting from the abnormal test sequence applied to
this specimen. The specimen was notched and fatigue cycled just long enough
to initiate a fatigue crack. Then, because of other program demands upon the
AE monitoring equipment, the specimen was set aside for several months.

During that time, the notch was covered, but not sealed from the laboratory
atmosphere. Thus, oxidation of the fatigue crack fracture surfaces was
probably occurring during the extended storage in the lab. Assuming that much
of the initial AE was caused by oxidation effects, then the decreasing AE rate

9 !"_' 7 £
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with increasing crack growth ic attributed to movement of the crack front away
from the oxidized fracture surfaces. For more evidence of this effect, see
the Characterizations Section.

To compare the effect of defect geometry upon the AE rate, a composite
plot of all FCG data is shown in Figure 5. The composite plot was constructed
from the data in Fiqures 2 to 4. Each defect type is distinguished by a
seperate color as noted in Figure 5. The results indicate no significant
differences between the various defect geometries. This contrasts with the
fracture test results which do tend to depend upon the defect geometry.

FRACTURE

Fracture tests on laboratory specimens and 6-in-thick, intermediate-
ccale, HSST pressure vessels.(2'3) have also been monitored using AE.
The fracture test conditions are summarized in Table 2. The laboratory test
results are plotted in Figures 6 to 13 and the vessel test data are shown in
Figures 14 and 15. The AE-fracture test results for all test conditions show
that AE response increases with flaw severity,
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TABLE 2. Summary of Fracture Test Conditions for A5338 CI 1 Steel

Specimen  Specimen Thickness, Test Material AE System
No. Type in, Temp, °F Condition Sensitivity, ubar Comment s
B2-18 21-CT 1.75 RT aM' 2 0.11 Prior RT FCG
82-34 2T-CT 1.75 RT w(b) 0.16 RT Fatigue Precracked
B2-38 2T-CT 1.75 RT BM 0.19 RT Fatigue Precracked
1-2A-28B SEN 1.0 RT BM 0.11 Prior RT FCG
2-1A-28 SN 1.0 RT BM 0.11 3 Pt. Bend Straightened
.N. Prior RT FCG
1-2A-68 SEN 1.0 550 BM 0.09 Prior 550°F FCG
V7-B VESSEL 6.0 200 WM 0.14 HS?I)Test
£8 Weld Precracked
ITv-8 VESSEL 6.0 -5 WM 0.20 HSST Test
RT Fatigue Precracked
(a) BM = Base Metal
(b) WM = Weld Meta)
(c) EB = Electron Beam
o
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‘e *y _cture pecimens tested at room temperat:re and 550%F with
thrush-wa'l crack geometries (2T-CT and SEN), shown in Figures 6 to 10,
gen - vy produced ver* little AE during the elastic and early plastic
por..ons of the load'ng. Most of the AE from these specimens was detected
after the maximum load was exceeded and therefore, occurred from ductile crack
extension during mechanical instabili*y. The 550°F fracture test
(Figure 10) showed a greater amount (f AE than room temperature tests but
still displayed the same pattern as th2 room temperature-SEN results. This
result shows a temperature effect upon the AE obtained during fracture
opposite to the one observed during FCG. No explanation for this test has
been established; however, from post-test inspection, it appears to be
possible that a neat <l '.1d touched the specimen near the flaw, causing noise
signals to be recorded as valid AE.

Two fracture tests (one at room temperature and one at 550°F) were
conducted on specimens with part-through wall SN configurations, which yielded
results different from the through-wall data (see Figures 11 and 12). In
these instances, AE was detected both before and after generai yielding, with
linear AE versus crack opening displacement (COD) relationships up to general
yielding and between yielding and failure. These results are analogous to the
HSST vessel tests (see Figures 13 and 14) in the following ways: (1) the
general shapes of the AE-COD plots are similar; (2) both the lab and vessel
data show negligible effect of temperature on detected AE; and (3) the crack
and loading geometry are similar.

During both of the vessel tests, the AE accumulated in a manner that
indicated the feasibility of monitoring large structures. First, the AE
accumulation consistzatly increased with increasing flaw severity, as measured
by K and COD. Moreover, pop-in precursor activity was also detected,
indicating a sensitivity to relatively small amounts of plasticity and/or
crack extensions that occur prior to the relatively large pop-in crack
extensions. It should be noted that K in Figure 13 was calculated based on
original flaw dimensions. Information on the shift in K associated with the
pop-in in vessel V8 is not yet available. During the most dynamic part of the
pop-ins (including leakage) where the signal density was very high (as observed
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on an oscilloscope), the AE system locked out. This was due to a design
feature to avoid multiple counts from one signal. A different design commonly
used in field monitoring systems would have shown a very sharp increase in
response to the high-density data, thus providing a bench mark to signify
occurrence of a pop-in.

The AE-COD curves for both vessel tests (Figure 14) remained linear to
failure (leakage) even though, in the case of the 200°F test, significant
crack extersion was occurring near the end of the test, as suggested by the
AE-K curve (Figure 13). The fact that the COD seems to correlate more effec-
tively than K with AE during fracture indicates that flaw damage models based
strictly on linear elastic fracture mechanics may not ad2quately model the
data. However, the laboratory SN and HSST results indicate AL response to be
a feasible method for monitoring the flaw severity of part-through cracks in
large structures.

CHARACTERIZATIONS

The analysis of measured AE signal parameters from various sources--
energy, peak time, amplitude, first half-cycle polarity--has not shown any
consistent characterization. New approaches to AE characterization are
planned as discussed under recommendations for future work.

A double cantilever beam (DCB) specimen was used to investigate the
effects of water on AE from FCG. The results (Figure 15) showed a decrease in
AE (particularly high-amplitude signals) upon immersion of the specimen in
water. The decrease in detected AE could be due to surface wave damping by
water, dissipation of body wave energy through the specimen-to-water
interface, a decrease in crack-face noise, or a combination of these. In a
different program, tests involving water did not show significant effect. A
resolution of these differences is being investigated.

The spec imen used for the water-effect tests was subsequently used to
investigate the characteristics of oxide in a fatigue crack. An oxide was
formed on the fatigue crack fracture surfaces by loading the specimen to open
the crack, inserting a wedge to keep the crack open, and then immersing the
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specimen in distilled water for about six weeks. AE was obtained during
unload following wedge removal (Figure 16) and subsequent fatigue cycling
(Figure 17), which produced approximately 1/4 in. of crack growth. When
compared to AE from FCG in the same specimen prior to oxidation, the "oxide
data" showed that the initial AE data rate in the absence of FCG was high
relative to AE-FCG data obtained from unoxidized specimens. Once the iatigue
crack front moved away from the oxidized fracture faces, the AE rate returned
to levels similar to that obtained for FCG in air prior to oxidation.

A slag inclusion test specimen and an associated slag-free contro!
specimen were fabricated from weld material provided from the GATX AE-weld
monicor program. Both specimenc were tested under cyclic loading with similar
stress levels. The results (Figure 18) show that the average AE/cycle for the
slag inclusion specimen was ~hout 4-1/2 times that for the control specimen at
the higher stress levels (3200 to 16,000 psi). The results are inconclusive,
however, because:

e The AE signal parameters measured did not show any unique features or
consistent pattern differences between the two specimens.

e The apparent slag inclusion was very small (approximately 0.015 in.
diameter).

e An uncertainty exists as to how much of the flaw was slag inclusion
versus void.

e Incomplete fusion along the 'nading axis of the slag inclusion specimen
definitely occurred and may have had an effect on the results.

HIGH-TEMPERATURE AE SENSOR

The objective of high-temperature sensor testing is to test the
feasibility of using available high-temperature AE sensors for continuous
monitoring of reactor pressure boundaries. Three high-temperature sensors
have been screened by laboratory testing at 550°F (288°C) with the expectation
that development of a new high-temperature sensor concept could be avoided at
least for the near future. The results to date are encouraging.
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The laboratory test procedure is to mount the sensors (dry pressure
coupled) on an 8 by 11.5 by 1.5 in. (203 by 292 by 38 mm) A533B steel plate
installed in a controlled temperature oven. The oven is heated to 550°F
(288°C) continuously Monday through Friday and cooled to room temperature
over the weekend. This cycle is repeated each week.

Two primary sets of data on sensor performance were taken--one on June 1,
1978, after approximately 1440 hr of exposure to 500° to 550°F (260 to
288°C) and the second on September 15, 1978 after approximately 2830 hr
exposure. The methods used for both sets of data were similar. Pulse signals
were generated electronically in the test plate using a high-temperature
transducer mounted on the plate. Output signals from the test sensors were
frequency filtered, using a Krohn-Hite Model 3202 dual-variable filter to
produce data for varicus fraquency high-pass categories. Sensor response
results are shown in Figures 19 and 20. The June 1 measurements were made at
room temperature to permit including a laboratory sensor for comparison. The
September 15 measurements were made at 550°F 288°¢C).

et
22 . U




r

'Q

9J4N}eJadWs]| WO0Y 18 paJdnseal 3je|ld 3159

JUB]SUO)

t

A

03

03 3sSu0dsay A0SUaS l'i,uﬂLQQEQH ub Ly

BL/L/9 3QYW SININIHNSVYIW

H314 SSvd HOIH

310N

67 34¥N9I4

569

S69

S 69

vES

06

ap
NIVO

HOSN™'S
a8

30INO
2AVM

HOSN3S



¥ Col b \ -
. &
400GS 1e paJnsedly 3ie|d 1S9 03

(ndu] 8s|Nd JueISUO) © 03 3suodsay Josuas auanjesadws] ybLy

4.0S6S LY 82 /S1L/6 3OV SINIWIHNSYIN

002 | 001
ZH) - 431714 SSVd HOIH

"0¢ 3¥N914

‘310N

vor 3002
S°69 9
v'eEs g
006 v

ap
NIVO HOSN3S

-



One aspect of the data which was evaluated was the response versus
increasing lower frequency limit. It appears that continuous monitoring of a
vessel during operation would likely need to be done with a lower frequency
limit of about 40C kHz to avoid hydraulic noise interference.

Another consideration examined was S/N ratio. S/N ratio is significe ¢t to
any AE monitor system that utilizes a threshold limit for signal detection (nearly
all current systems do). Table 3 gives the results of S/N ratio determination.
Observations from these results are:

e The input signal in the 09/15/78 test may have been slightly stronger
than in the 06/01/78 test; however, the 09/15/78 test was run at 550°F
which may also contribute the stronger response in that test.

e Sensor B is very promising. It retains about 35% of its broadband
sensitivity at the 400 kHz condition and the S/N ratio at 400 kHz is
equal to that of the laboratory sensor. We consider this to be important
to a field app ication consideration. An S/N ratio of less than 2 to 3
would be marginal.

e The metal wave guide represented in these tests is a concept long
recognized as one method of AE monitoring a high-temperature surface. It
has some disadvantage over a surface-mounted sensor (such as Senscr B,
The wave guide will generally influence the character of the signal
received out of the piezoelectric crystal at its outer end. To
effectively protect the piezoelectric crystal from overheating, the wave
guides are often severa)l feet long, which makes them subjert to physical
damage. The wave guide is, however, a demonstrated method of detecting
AE events from a high-temperature surface.

e Two sensor concepts--Sensor B and the metal wave guide--appear at this
time to present viable methods of detecting AE on a reactor pressure
vessel. The final test process will cunsist of exposing them to an
actual reactor environment (temperature plus nuclear radiation).
Arrangements for this are in progress.
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TABLE 3. Signal-to-Noise Ratio for High-Temperature Sensors

Sensor

A

B

C
Wave Guide
Lab Sensor

Sensor
-
B
C
Wave Guide

06/01/78
High Pass Filter, kHz
Gain,dB 100 200 300 400
90.0 2 1.4 1.1 -
83.4 20 15 11
69.5 7 5.6 4 1.6
69.5 11 9 6 2.
69.5 12 1¢ 1.5 6
09/15/78
High Pass Filter, kHz
Gain, d6 TOO 200 300 00
90.0 4.7 3.2 2.7 1.3
83.4 17.5 14.0 11.5 7.5
69.5 10.0 6.7 4.0 2.3
69.5 12.0 7.2 5.2 3.2
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AE/FLAW MODEL DEVELOPMENT

EMPIRICAL MODELS

Two empirical models have been used to describe fatigue crack growth
data. The first model uses a power-law expression to relate the rate of
change of AE variables to FCG parameters such as the stress intensity factor
range (AK) and the crack growth rate (da/dn). The expression is typically of
the form:

(dN/dn) = C_ (k)™ (1)

where (dN/dn) represents the number of AE counts per cycie. Conceptually,
this approach allows a direct assessment of flaw severity by measuring the AE
count rate and temperature of the vessel (Figure 21). A knowledge of the flaw
shape or the stress field in the vicinity of the suspected flaw should not be
required. The influence of variables such as R ratio, cycle rate, service
loadings, material volume, and possible flaw geometry effect are yet to be
defined. The work scheduled for FY-79 is aimed at investigating the effect of
these variables. In addition, the data sc.tter associated with the current
rate model is typically quite large. More extensive characterization of the
AE signals with respect to mechanical parameters such as the COD and the
position of the signal on the load waveform may improve the rate analysis
method.

The second technique for correlating AE-FCG data is to plot the total
accumulated AE ayainst either the stress intensity factor (K) or the crack
opening displacement (COD). In this instance, the summation AE versus K
or COD is usually linear and of the form:

IN = 81 K + Bo (2)

where B1 and Bo are constants. This approach is attractive because of the
reduced data scatter and linear behavior (see Figure 22). It may, however,
require an initial definition of flaw shape and stress field once the AE
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indicates a growing flaw. Again, as with the rate method, the effects of
variables such as load cycle rate, R-ratio, simulated service loading,
material velume, and temperature must be further defined.

The AE obtained from fracture tests run on intermediate scale pressure
vessels has been correlated with both K and COD. For two SN defect laboratory
specimens, the recults (Figures 11 and 12) have been correlated with COD
only. No attempt was made to use K in laboratory specimen calculations due to
the early onset of net section yielding.

HSST pressure vessel tests (Figures 13 and 14) have produced excellent
results between summation AE and COD or K. In this case, the COD parameter
was most effective at relating to the full range of the AE data. This resuli
suggests that fracture mechanics variavles which are sensitive to flaw
plasticity may provide the best correlations with AE parameters.

THEORETICAL MODELS

Three theoretical models based upon linear elastic fracture mechanics
were compared against the FCG results obtained from several different
specimens. This section describes the models and compares the predicted
results with the empirical results.

The first mode1(4'7) assumes that the number of AE events, N, detected
during FCG is proportional to the change in the crack tip plastic zone
vo lume:

dN = adVp (3)

where o is a material constant and Vp is the plastic zone volume. The term Vp
is estimated from the following expression:

4
. kol ak\" . 4
= ofr) W(y) foltl) "

where B is the specimen thickness, o is the plastic zone radius, R is the

ratio of minimum to maximum load during FCG, % is the yield strength, and

Co is a constant. A simple expression for 4K may be written as:
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ak? % 802 73 (5)

where 0 is the difference between the maximum and minimum applied stress and
a is the crack length. Substitution of Equation (5) into Equation (4) and
differe tiating leads to the following expression:

dVp 2 2nc, (80)° (@K)? da {7 ‘ (6)

Assuming that AK is constant for infinitesimal changes in crack length, and
then substituting Equation (6) into Equation (3) and dividing both sides by
the number of applied load cycles, dn, the following result is obtained:

dN/dn = 2nC, alao)? (aK)? da/dn | (7)

This expression may be simplified by substituting the well known empirical
equation relating da/dn and AK: ’ ‘

da/dn = cl(cm)q (8)

where C1 and q are constants. Thus, the final éduation relating dN/dn and
AK is:

dN/dn % 21C,C a(ra)? (ak)2 * @ (9)

The second theoretical model, which was originally proposed by Palmer,
et. a].’(8,9) assumed that the number of AE events produced depends upon the
change in crack tip plastic zone size rather than volume. This assumption may
be expressed as: :

dN = BdSp (10)
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where £ is considered to be a constant of proportiona’ity depending on strain
rate, temperature and microstructure. The linear elastic approximation for
th. plastic zone size is commonly taken to be:

2
sp N ZB'nrp = C,(aK) (11)

where Cz is a constant composed of terms defined above. Following a
development similar to that used for the plastic zone volume derivation,
another result is obtained for dN/dn:

dN/dn % C,C, B(aa)? (aK)9 (12)

The last model that was reviewed is from Sinclair, et al.(lo) This
model is very interesting because of the experimental results that Sinclair,
et al. used to support their theory. The AE dat was obtained on A533B steel
during FCG. In addition, the AE monitoring system utilized multisensor source
isolation techniques to restrict the data to only those signals that
originated in the vicinity of the fiaw, and event count rather . han ringdown
count were measured. The methods used to obtain the AE were nearly equivalent
to the techniques employed at PNL. The only significant difference was that
Sinclair, et. al. used a voltage-controlled gate to restrict the detected
emissions to those occurring during 80% of the upward part of the load cycle.

The basic assumption behind the model is that the total number of
emission events, N, detectéd during cyclic loading in which fatigue crack
area, A, is created is directly proportional to that area. In differential
form this assumption may be expressed as:

dN = YdA ' (13)

where Y is defined as the specific emission activity for FCG in the material
under test. Since JA is equivalent to Bda we may rewrite Equation (13) to
read:

dN = Byda (14)

E £ :
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Dividing both sides of Equation (14) by dn and substituting for da/dn, we have:

dN/dn = avcl(ax)q (15)

~

Theoretical equations relating summation AE (IN) to AK may be simply
derived by integrating Equations (3), (10}, or (13) for each respective
model. A summary of the theoretical predictions and experimental results
obtained from rate and surmation analyses of several specimens is listed in
Table 4. The total valid umpartitioned AE count was used for calculating the
experimental dN/dn - AK and the IN - AK curves. In general, the compact
tension rate data agree with thc behavior predicted by the plastic zone and
crack area models. The room temperature SEN rate data agree with the plastic
zone and crack area models, but the 550%F SEN rate data agree with none of
the models. In regard to the summation analysis predictions, none of the
experimental results matched the theoretical calculations.

The reasons for the general lack of agreement between the theoretical and
experimental calculations may, in part, be due to a breakdown of linear
elastic fracture mechanics when applied to AE monicoring. Since fracture
mechanics variables are based upon continuum mec:.. :nics concepts without regard
to the microstructural nature of the material, it is n.' surprising to find

TABLE 4. Summary of AE-FCG Rate and Summation Analyses for Several
Specime, Geometries and Material Conditions

Plastic Plastic

Zone Zone Crack Experimental
Vo lume Size Area Results
Rate akI*2 ak9 s pk2-4-4.8
dN/dn . =
Summat ion
IN = AK AK AK AK

NOTE: The exponent q is the exponent for the da/dn - AK
power- law relation, and is typically in the
range of 2.3 to 2.8 for values of AK between 20
and 100 ksi /7n. .

- , -
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that attempts to correlate microscopic failure events (AE) with macroscopic
measurements (i.e., loading state, crack length, COD, etc.) may only be
partially successful. In addition, using the total valid unpartitioned AE
count obtained from the entire load cycle may not be valid.

The possible combination of crack extension and crack closure emissions
may tend to complicate analysis of the results. The data published by
Sinclair, et a].(g) seem to indicate that this hypothesis has s~—- merit.
Part of the effort for FY-79 will concentrate on partitioning the AE with
respect to position on the load waveform. Most likely this work will aid in
clarifying the situation.

33



RECOMMENDATIONS FOR FUTURE WORK

Discussion of further development work is categorized relative to general
program objectives.

AE/FLAW MODEL DEVELOPMENT

We feel that the two empirical models discussed in the preceding section
demonstrate that an interpretive model is feasible. Although we recognize
that the models are not yet adequately refined for application, it is
important at this time to verify that the same response pattern can be
observed under conditions simulating the major factors associated with
on-reactor monitoring. Evident factors that require definition or further
confirmation are the effects of load cycle rate, R-ratio, (minimum load/
maximum load), simulated service loading, ruterial volume, water and
temperature.

The effect of load cycle rate is vital to determining if the denominator
in the AE rate/crack growth rate model can be converted from load cycles to
the more tractable parameter of time for inservice monitoring.

For practical reasons, FCG testing to date has been performed at low
R-ratios. Since much of the cyclic loading on a reactor system will be at
high R-ratio, it is necessary to aow confirm whether this will influence the
AE/flaw models.

Closely allied with consideration of high R-ratio is consideration of
simulated reactor service loading. FCG studied so far on thi< program has
heen generated by constant amplitude sinusoidal cyclic loading. Testing which
attempts to simulate service loading is needed to determine if this influences
the AE/fracture mechanics relationship. Such a test r jht incorporate monoto-
nically increasing load with a high R-ratio cyclic load superimposed during a
prolonged hold at load, removing all load for a period, and then repeating the
cycle.

Limitations of test equipment capacity have limited FCG testing to thick-
nesses of 1 to 2 in. Limited insight as to the effect of greater material




volume on detected AE has been gained from monitoring two HSST test vessels
(6-in. wall) during fracture testing. Both vessel ‘.sts showed more AE in the
elastic region than have laboratory fracture tests. Similar interfacing with
other programs performing hec\v section testing (preferably FCG should
continue.

Comparison of results from laboratory fracture tests and HSST vecssel
tests shows tentative indication of a flaw geometry effect. An SN lab
specimer test compared more closely with the vessel tests than did lab
specimens using a through-wall notch. Further investigation of flaw geometry
effect is planned using SN FCG specimens.

Empirical results concerning temperature effects on AE are inconsistent.
Laboratory FCC tests have shzwn a reduction in AE in going from room
temperature to 550°F, Conversely, HSST vessel and SN fracture tests showed
effectively no effect on AE relative to fracture mechanics comparing -5°
with +200%. This inconsistency must be resolved.

Similarly, one FCG test of water effects using an immersed specimen
showed a reduction in AE associated with immersion in water. Due to multiple
possible causes, this result is no* conclusive. Sinc: fatigue cracks in a
reactor vessel may be exposed to water, this question must be answered
positively.

A test of path dependence during FCG, i.e., decreasing versus increasing
AK, s planned as one test of the validity of the present AE/flaw model.

A test is needed to verify that the present AE/flaw model is discernable
under the major conditions present in reactor monitoring. This may take the
form of a cylindrical test specimen with an inside flaw exposed to
pressurized, high-temperature water. The flaw would be grown by cyclic
loading at low- and high-cycle rates and R-ratios.

AE_SIGNAL CHARACTERIZATION

As discussed earlier in this report, work to date in the area of AE
signal characterization to distinguish AE from other acoustic signals has not
produced the results desired. It is vital that progress in this area be
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emphasized. Two general avenues of investigition are planned. Using a
recently assembleu computer data analysis system, we plan a more rigorous
analysis of the measured AE parameters. This includes such parameters as
energy, a modified peak-time and peak-amplitude measure, and first half-cycle
polarity. Also, a new paran.ter is now available for FCG studies. This
consists of identifying the time location of each valid AE signal with respect
to the luay waveform. This offers new potential for relating to the details
cf FCG and identifying the possible contribution of crack interface noise to
the total AE measured from a growing crack.

A second avenue of investigation is to further explore pattern
recognition techniques for identifying AE signals. Recent work applying
pattern recognition to eddy current and ultrasonic signals and a very limited
sample of AE sigaals has produced encouraging results. We plan to collect
samples of valid AE signil waveturms in digital form during crack growth, slag
inclusion and oxide tests. Samples of known and identified noise signals
(tapping and rubbing on the specimen and electrical transients, etc.) will
also be provided. The.e will then be examined by pattern recognition
techniques for A* .inguishing features.

DATA ACQUISITION SYSTEM

The AE sensor i< obviously the key eienmient in a data acquisition system.
High-temperature AE sensors have been tested in the laboratory for neacly a
year. At least one sensor shows good resistance to temperature exposure
550°F and 288°¢). Testing now needs to be expanded to actual reactor
environment (temperature, humidity and radiation exposure).

APPLICATION N MONSTRATION

Two interrelated efforts cre required in preparation for demonstration of
program resuits. One of the efforts concerns development and design of an
optimized on-reactor AE data acquisition system. Consi ations to be taken
into account include:
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o total volumetric monitoring versus selected area (welds, nozzles, etc.)
monitoring

e AE source determination method, i.e., identify an area by source
isolation, a resolution element pattern using "look-up" tables in a
computer, or point source determination on each signal

e data recording and readout method.

Related to the data acquisition system design is design of a methodo logy
for application of an interpretive model in the field. This will have a
direct bearing on design of the data processing portion of the data
acquisition system.

A minimum of about two years of on-reactor monitoring wi. oe reauired tc
demonstrate the results of this program and overcome practical problems
expected to surface during such a test phase.

DETERMINATION OF AE SCURCE MECHANISMS

Although it is outside the scope of this program, investigation of AE
source mechanisms could aid the development of analytical relationships
between AE detected during structural FCG and the severity of the flaws
producing AE. Such investigations could provide a basis for selecting
appropriate engineering parameters for use in model development.

Additionally, this work could provide a means for making rational
predictions on conditions that might occur on a structure, but which were not
tested in the laboratory. Laboratory experiments, as a matter of economics,
cannot test all possible combinations of variables (e.g., R-ratio, cycle rate,
radiation effects and water pressure and temperature) which might influence
the AE during reactor operation. However, when theoretical concepts are
merged with appropriate experimental measurements the "gaps” in the data are
closed.

In addition, such work might also shed some light on the nature of basic
deformation and fracture events that acc. = v subcritical crack initiation
and propagation. Although much work has been _.ne in this area there is still
relatively little known about the micromechanics of these processes.
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