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Abstract

A feasibility study has been conducted to evaluate the potential use

of acoustic emission to monitor thermal-shock damage in direct electrical

heating of U0_ pellets. In the apparatus used for the present tests, two

acoustic-emission sensors were placed on extensions of the upper and lower

electrical feedthroughs. Commercially available equipment was used to ac-

cumulate acoustic-emission data. The accumulation of events displayed on

a cathode-ray-tube screen indicates the total number of acoustic-emission

events at a particular location within the pellet stack.

The results of the preliminary study have led to the following conclu-

sions. (1) Acoustic-emission events can be detected with commercially avail-

able equipment with sufficient resolution to estimate the extent of cracking

in an individual pellet. (2) Acoustic-emission data can indicate the onset

of thermal-gradient cracking. (3) Summation of acoustic events is an indi-

cation of the amount of cracking that has taken place in the pellets.

These tests have indicated that acoustic emission can be used to monitor

thermal-shock damage in U0, pellets subjected to direct-electrical heating.

Acoustic-emission monitoring could prove valuable in other experiments in-

volving direct-electrical-heating techniques in which the results may be

expected to be influenced by pellet cracking.

*Work supported by the U. S. Energy Research and Development Administration.



Introduction

A study has been conducted to investigate the potential application

of acoustic-emission technology to the characterization of thermal gradient

cracking in V02 pellets. The direct-electrical-heating (DEH) apparatus de-

scribed in Ref. 1 simulates in-reactor temperature gradients and heating rates

and can be used to study a variety of nuclear fuel problems including fuel

swelling, molten-fuel ejection, and fuel mechanical response. The main ad-

vantages of DEH testing are (1) the relatively low cost compared with in-

reactor testing, (2) the amount of testing that can be performed in a relatively

short time, (3) the capability for direct visualization of the pellets, and

(4) the opportunity to utilize more instrumentation in comparison with in-

reactor experiments. The major objective of DEH experiments is to develop a

capability that can be used to accurately study the effects of heating nuclear

fuel pellets.

The term acoustic emission refers to the transient elastic waves generated

in a material by the rapid release of energy, e.g., initiation and propagation

of a crack. Monitoring acoustic emission would be more useful in DEH experi-

ments if it could indicate crack initiation, location of cracking, and/or the

extent of cracking that occurs during the tests. The advantage of acoustic-

emission monitoring is that it may provide real-time information on the cracking

process that cannot be obtained by other means. A detailed discussion of

acoustic-emission techniques will "ot be presented here because the principles

of acoustic emission and their application to ceramics has been widely discussed

in the literature.2"5

Experimental

Figure 1 shows a schematic diagram of the DEH apparatus used for acoustic-

emission monitoring. The tungsten heat shield shown is not present during the

accumulation of acoustic-emission data. Note also that the electrodes are

fabricated from tungsten and are water cooled.
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Figure 2 shows the DEH apparatus and acoustic-emission equipment used in

these experiments. The thermal-simulation apparatus is designed to provide

visual observation of fuel pellets during heating and cooling cycles. It

utilizes ohmic heating of the oxide fuel and is based on a method by Freund

and Schikarski.6 Continuous and automatic electrical heating of the fuel

stack is maintained by the electronic circuitry; as much as 100 A may be

flowing through the pellet stack. Both steady-state and transient heating

modes are available. The UO, fuel pellets used in these tests are 0.6 cm in

diameter and 1.0 cm long. Stacks of four or five pellets were used. Two

acoustic-emission monitors were attached to the extensions of tlie upper and

lower electrical feedthroughs of the DEH apparatus. This arrangement for de-

tecting acoustic emissions could be improved significantly by bringing wave-

guides attached to sensors into the heating chamber and connecting them directly

to the electrodes. (The sensors remain outside the chamber.) However, the

purpose of the present study was to establish whether useful acoustic-emission

information could be obtained without radical modification of the existing

apparatus. Thus* the rather simple arrangement indicated in Fig. 1 was used.

It should be noted that the acoustic sensors are electrically insulated from

the brass electrode extensions by a thin glass plate. This insulation is in

addition to the electrical insulation provided by the acoustic-emission sensor

element. A commercially available acoustic-emission locator was used to sense

the emissions from the pellet stack. This device (Fig. 2) detects and displays

acoustic-emission events that occur between the two acoustic sensors. The

sensors used here have a resonance frequency of 175 kHz. The system has the

capability to divide the acoustic path between the transducers into 500 loca-

tions on the cathode-ray tube (CRT). This system operates by calculating the
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dlfferences in the arrival time of an acoustic wave at each of two sensors.

An event with a given time interval, corresponding to a particular location, is

then stored at that location on the CRT screen. In addition to acoustic-emission

events detected and displayed, a continuous record of the root mean square (rms)

value of the amplified and filtered acoustic-eoission signal from the lower

transducer is maintained.

The ends of the pellet stack are defined on the locator screen by striking

the electrodes (to simulate acoustic events) above and below the pellet stack

before placing the quartz cover over the system. For the present arrangement,

the length of the five-pellet stack encompasses approximately 200 of the 500

locations on the CRT screen. The gain setting was 100 dB for both transducers

for all acoustic-emission data accumulation. The dead time between events

sensed was 5 ms.

Although most data accumulated in these tests are concerned with the

counting of acoustic-emission events as a function of location, one example is

given which an acoustic-emission signal processor is used in the ringdown

counting method of accumulating acoustic-emission data. In that case, all

acoustic emissions are received by the lower transducer. In the ringdown method,

a count is made of the number of times the emission signal exceeds a preset

signal amplitude threshold. Thus, as a result of the ringing of the transducer,

one event may result in many counts. The ringdown method attributes more counts

to larger signals as a result of the more extensive ringing in the larger am-

plitude events. During all DEH testing, a continuous record of the pellet-

surface temperatures aad the rms signal output of the locator was maintained.

Pellet-surface temperatures were measured by means of an infrared optical

pyrometer, which permitted the continual recording of temperatures. The Honey-

well CRT Visicorder was used for rms signal and temperature data acquisition.
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Fosttest examinations of the pellets heated to temperatures as high as

1700°C were conducted by polishing the ends of individual pellets and observing

the cracking patterns under a 16-power microscope.

Results and Discussion

Pellet cracking that results from direct-electrical heating and pellet

cracking from irradiation of UO- are compared in Figs. 3 and 4. The similarity

of the cracks, as viewed along the pellet axis, is quite evident, which supports

the premise that DEH experiments can simulate in-reactor cracking phenomenon.

As a result of the initiation and propagation of cracks in the pellets,

bursts of elastic energy are transmitted through the pellet stack and electrodes

and are ultimately received by the acoustic-emission sensors. These events

are detected electronically as damped sinusoidal waves and can be observed on

an oscilloscope by the ac output on the acoustic-emission equipment. Since

surface waves attenuate less than shear and longitudinal waves, it is probable

that the acoustic sensors are responding to surface waves. Some of the acoustic

waves travel directly to the transducer, and others are reflected and reach the

transducer at a later time. Premature triggering of events by the reflected

waves is minimized by the dead time between the recording of events. The

cracks are assumed to propagate in a step-wise fashion and at a relatively slow

rate. Thus, crack growth along the pellet-stack axis would be observed as a

series of acoustic-emission events at sequential locations on the CRT screen.

Radial crack growth would be observed as an event accumulation near one of the

locations of the acoustic-emission locator screen. Simultaneous crack genera-

tion might lead to spurious results. Since the total number of events re-

corded is not high (only strong emissions are recorded), the problem of dis-

torted event counting is somewhat minimized. The resolution capability of the

acoustic-emission system imposes the most severe limitation on the location of

the source of acoustic emission in a pellet stack.
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Figure 5 shows the acoustic-emission count rate versus time and the tem-

perature versus time for a pellet stack heated to i> 1400°C in a period of 150

s. The initiation of significant acoustic emission, and thus cracking, appears

to occur at "•< &00°C. Although the temperature in this test is not accurately

known below 900°C, subsequent experiments with improved temperature-monitoring

techniques support the result that acoustic emissions, and th-s cracking,

initiates at "v 600°C. During the steady temperature phase of the test,

acoustic-emission activity is quite low. After turning the current off for

rapid cooling, a relatively intense but short period of acoustic-emission

activity is observed. This test produces useful information on acoustic-

emission activity and crack initiation but does not provide information con-

cerning the relative location of the source of acoustic-emission activity.

When the two-transducer method is used, the relative location of acoustic-

emission events can be obtained. Figure 6 shows the histogram for acoustic-

emission events accumulated during heating and cooling phases of a four-pellet

stack. Each pellet stack represents ^ 40 channels on the locator screen.

Events have been'counted in groups of ^ 20 channels and have been plotted on

the resultant histogram. Thus, each pellet is represented by two bars in the

histogram. In Fig. 6, one observes that the acoustic-emission activity is

indeed concentrated within the pellet-stack limits, as determined by the cali-

bration procedure, and the activity is rather uniform across the pellets. On

cooling, the activity is slightly higher toward the ends of the stack. The

posttest visual examination of the four pellets shows a rather uniform distri-

bution of cracks, which supports the results of the acoustic-emission data.

Figure 7 shows an acoustic-emission experiment with a five-pellet UO, stack

that indicates significantly more acoustic emissions, and thus cracking, in
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the upper pellets than in the lower portion of the stack. Posttest examination

again reported the results of the acoustic-emission data. The upper pellet

disintegrated upon removal from the DEH apparatus, but the remaining pellets

were intact, and were, in general, of uniform crack density. The resolution

that is available to locate the source of acoustic emission is not as accurate

as might be suggested by the number of memory channels available for storing

events at different locations. This is a result of the limitations of the

acoustic-emission system for detecting the short distances in these tests

and tha dispersion and scattering of acoustic waves.

Watching the time sequence of acoustic emissions as a function of location

on cooling, one consistently notes that emissions originate at the ends of

the pellet stack and progress toward the center. This pattern follows the ex-

pected behavior of cooling along the pellet stack, since the end pellets are

in contact with the water-cooled electrodes and therefore lose heat faster than

the center pellets. As a result of the initial large temperature gradient at

the electrodes, acoustic emissions are generated near the ends of the stack.

Thus, when the effects of temperature cycles on cracking are analyzed, it is

important to discard data obtained from the two end pellets in the stack as

the behavior of the end pellets is somewhat anomalous.

Figure 8 shows selected frames from a 16-ram movie film7 of the acoustic-

emission-locator CRT screen. This photographic sequence spans a 26-s interval

in the heating cycle of a five-pellet stack. The maximum temperature was 1500°C.

Note that the largest percentage of the emissions fall within the t> 200

channels which encompass the pellet stack. Therefore, in this example, 29 events

can be detected within the pellet stack during the period the heating cycle

is recorded,
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Acoustic-emission monitoring of the fuel pellets would be particularly

useful if the extent of cracking in a given pellet was associated with the

number of acoustic-emission events. In fact, for pellets with similar types

of cracking patterns, a reasonable correlation can be made with the total number

of acoustic-emission events and the extent of cracking. The extent of cracking

is established by measuring the total length of cracks visible from both ends

of the pellet after posttest polishing and examination. Since photographs of

the >ends of the pellets fail to reveal the axial cracks that sometimes occurred,

the correlation of acoustic emission with crack density has been confined to

pellets with similar cracking i.e., primarily radial cracking. Figure 9 shows

the results for 23 pellets, in which the total nunber of acoustic-emission

events for a giver pellet have been plotted versus the average total crack length

measured at the end of the pellet. The variation in crack density is the result

of changing the maximum temperature and heating rate of the pellets. The cor-

relation between total crack length and total acoustic-emission events for a

pellet shows reasonable correlation and supports the suggestion that acoustic-

emission can be useful in monitoring thermal gradient cracking in U0-.

The acoustic-emission activity observed during a DEH experiment is also

indicative of the oxygen content in the gas environment surrounding the heated

pellets. Improper purging, by helium gas, of the system results in an undesirable

amount of residual oxygen. The presence of oxygen leads to excessive cracking

and flaking on heating, and, as a result, a significant increase in acoustic-

emission activity (as much as 100 times that observed when heating in an inert

environment).

As previously mentioned, the rras signal output of one of the transducers is

continually monitored during a DEH experiment. This signal gives information



-9-

simllar to Chat obtained by the ringdown counting method (Fig. 5). A chart of

the rms voltage as a function of time is shown in Fig. 10. Superimposed on this

chart is a trace of temperature versus time. The acoustic-emission activity is

greatest during steep temperature gradients, as expected, and is intense during

cool down. Initiation of acoustic-emistion activity is observed to occur at

i 600°C, as previously suggested. This signal monitoring provides useful sup-

plementary information to the event counting as a function of location, since

it gives a permanent indication of the total acoustic-emission activity versus

time and temperature.

The recording of acoustic-emission activity has also been shown to be

useful in monitoring thermal-shock cracking during power transients.8 In

these tests, the apparatus is used to simulate in-rea~.tor loss-of-flow (LOF)

conditions and verify escape-path mechanisms. These tests have been run in a

modified DEU apparatus using the same transducer configuration as that shown

in Fig. 1. Monitoring the CRT screen with movie film and correlating each

event with the corresponding acoustic-emission rms signal, an indication of

the magnitude as.well as the location of the cracks within the pellet stack

can be obtained. Figure 11 shows a reproduction of the continuous monitoring

of acoustic emissions during a power transient via the rms signal from the

lower transducer of Fig. 1. Significant activity is present during the in-

tervals of large temperature gradients (heating and cooling). These results

suggest that cracking occurs during rapid power transients prior to gross melting.

Again, acoustic-emission monitoring provides information that cannot be obtained

by other methods;

Conclusions

The feasibility of using commercial acoustic-emission equipment to monitor

and locate acoustic emission generated during DEH tests has been demonstrated.
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Within a given pellet, the number of acoustic-emission events correlates

reasonably well with the extent of cracking, and acoustic-emission monitoring

has been shown to be useful in analyzing the thermomechanical behavior of fuel

stacks prior to gross melting under simulated accident conditions in the DEH

apparatus.
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Fig. 1-Schematic of the direct-electrical-heating
(DEH) apparatus used in the present studies.
The tungsten heat shield was not present
during the accumulation of acoustic-emission
data. Tungsten is used for the upper and
lower electrodes.



Fig. 2-The DEH apparatus and acoustic-emission
locator used in the present experiments.
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Fig. 3-Cracked U0 2 pellet polished for posttest
examination. This cracking resulted from
thermal gradients generated by the DEH
apparatus.



Fig. 4-Irradiated and cracked U0 2 pellet polished
for examination.
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Fig. 6-Acousfcic-emission events as a function of
location for a four-pellet UO2 stack. Each
vert ical bar represents the tota l number of
events, encompassing about 20 memory channels
of the acoustic-emission locator. Each pel let
i s represented by two bars in the histogram.
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Fig. 7-Acoustic-emission events as a function of
location for a five-pellet UO2 stack.
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Fig. S-Total number of acoustic emissions per pellet
' vs total crack length measured from the ends

of the pellets in posttest examination.
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Fig. 10-The rms signal output of the acoustic-emission locator vs time and
pellet surface temperature vs time for a five-pellet stack.
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