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Abstract 

Under the direction of the Department of Energy's (DOE) Office of Civilian 
Radioactive Waste Management (OCRWM) program, the Nevada Nuclear 
Waste Storage Investigations (NNWSI) project is evaluating a candidate 
repository site at Yucca Mountain, Nevada, for permanent disposal of high-
level nuclear waste. The Lawrence Livermore National Laboratory (LLNL), a 
participant in the NNWSI project, is developing waste package designs to 
meet the NRC requirements. One aspect of this waste package is the 
nondestructive testing of the final closure of the waste container. 

The container closure weld can best be nondestructively examined (NDE) by a 
combination of ultrasonics and liquid penetrants. This combination can be 
applied remotely and can meet stringent quality control requirements common 
to nuclear applications. Further development in remote systems and inspection 
will be required to meet anticipated requirements for flaw detection reliability 
and sensitivity. New research is not required but might reduce cost or 
inspection time. 

Ultrasonic and liquid penetrant methods can examine all closure methods 
currently being considered, which include fusion welding and inertial 
welding, among others. These NDE methods also have a history of 
application in high radiation environments and a well developed technology 
base for remote operation that can be used to reduce development and design 
costs. 

Areas that require development include: 

• Artificial flaw manufacturing to calibrate and qualify the NDE 
methods. 

• Transducer design and radiation resistance. 

• Coupling ultrasonics into the container. 

• Design of automated remote inspection system. 

• Flaw detection sensitivity and sizing accuracy (signal 
processing). 

Development required to meet program goals is described and 
recommendations are made for research that could reduce inspection cost and 
improve inspection performance. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of Ihc United Slates 
Government. Neither the United States Government nor any agency thereof, nw any of thru 
employees, makes any warranty, express or implied, or assumes any legal liability ur responsi­
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents thai its use would nut infringe privately uwned rights Refer­
ence herein 10 any specific commercial produci, process, or service by trade name, trademark. 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 'eci.'m-
mendation. or favoring by ihe United Stales Government ur an) agency thereof The -ie>s 
and opinions of authors expressed he~ein do not necessarily stale or reflect those uf :he 
United States Government or any agency thereof. 



1.0 EXECUTIVE SUMMARY 

Under the direction of the Department of Energy's (DOE) Office of Civilian Radioactive 
Waste Management (OCRWM) program, the Nevada Nuclear Waste Storage Investigations 
(NNWSJ) project is evaluating a candidate repository site at Vucca Mountain, Nevada. [1 ] 
for permanent disposal of high-level nuclear waste. The Lawrence Livermore National 
Laboratory (LLNL), a participant in the NNWSI project, is developing waste package 
designs to meet the NRC requirements. 

The Nuclear Waste Policy Act requires that the disposal container be retrievable for many 
decades and that containment be substantially complete for many centuries. In this report, 
potential inspection techniques for the characterization of flaws in container closures are 
assessed (welding is one process under consideration but other processes are also under 
consideration). The closure is important because the majority of the residual stress will be 
borne by the container closure, which must remain free of objectionable flaws. The 
required long containment period (up to 1000 years.) might allow relatively small flaws to 
grow to an objectionable size. These factors require closure welds for radioactive disposal 
containers to be tested to detect and size flaws that are smaller than prevailing NDE practice 
and with statistical assurances that arc higher than usually required of NDE methods. This 
report describes methods to improve on prior practice and provide NDE performance 
capable of meeting the closure NDE requirements. This report fulfills the requirements of 
the H-20-3 Activity, Preliminary Ultrasonic Technique Evaluation. 

The radioactivity level of the spent fuel will vary with the age of the waste (that is, years 
since removal from the light water reactor core), but the radioactivity will be strong enough 
to prevent application of conventional radiographic inspection of the closure weld- The use 
of unconventional radiation methods, such as doping the weld metal with a positron emitter 
and perfonning positron tomography, are discussed but are considered not practical for this 
application. Ultrasonic methods are currently the primary volumetric inspection technique 
for this application because cf demonstrated performance in the high radiation field and the 
ability to detect crack-like defects that are less than 5% of the container's wall thickness[2]. 

The use of dye penetrants for surface inspection is well established for remote use and is 
the primary method for outer surface defect detection. The selected volumetric method 
(ultrasonics) will be required to detect inner surface defects that will not be accessible to dye 
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penetrants. Possible alternate methods for the outer surface inspection include eddy current 
and surface acoustic wave (SAW) methods. 

2.0 INTRODUCTION 

A schematic diagram of a disposal container illustrating features significant to closure 
NDE is shown in Fig. 1. The disposal containers are designed as thin-walled right circular 
cylinders with end closures and lifting fixtures on the end, Fig. 2 shows a proposed 
container design to be used with consolidated spett fuel.The closure must be inspected 
remotely because of the high radioactivity of the high level waste: In addition, the inspection 
must meet a variety of unique requirements that are imposed because of metallurgical 
performance requirements dictated by the long containment period. Other factors that might 
affect the inspection system include the logistics of handling the container, the types of 
services available in the hot cell, and other operational constraints imposed by the repository 
design. 

2.1 Scope 

This work is a preliminary investigation of nondestructive examination (NDE) methods to be 
applied to the closure of the waste container. Trie scope of this activity is to identify potential 
inspection methods; to perform initial feasibility studies on these methods; and to define areas of 
future investigation, testing, and basic research essential to meeting program goals. This 
information will be used in subsequent NDE activity [Container Closure Nondestructive 
Evaluation(NDE) Process Development ] to guide more detailed investigations of candidate NDE 
methods and their potential to achieve the goals (goals are described in Section 2.3). The 
container final closure NDE development activity will consist of a multi-year, multi-phase effort 
to assess NDE techniques identified by the prerequisite activity, Preliminary Ultrasonics 
Technique Evaluation; to recommend and demonstrate reference NDE techniques; and to design 
the full-scale system for the final NDE of disposal container closures at the repository. 
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Figure 1. Container schematic illustrating features significant to NDE. 

2.2 Materials and Closure Fabrication Method 

The alloys under consideration for a disposal container are: 

AISI 304L • CDA 613 
AISI316L • CDA 715 
Alloy 825 • CDA 102 

Although the container closure method has not been determined, one of the primary 
methods under consideration is welding. Weldments of the candidate alloys evidence 
anisotropic and inhomogeneous ultrasonic behavior, therefore, conventional weld 



inspections need to be improved (1) in detecting small defects in the weld region and (2) in 
reducing the probability of false detection of a flaw'. 

Other closure methods might not lead to anisotropic or inhomogeneous ultrasonic 
properties. For example, inertial welds do not introduce remelting and would not have the 
preferred orientation that causes anisotropic properties. The container closure NDE activity 
will be pursued concurrently with three related activities dealing with fabrication and closure 
process development, remote system design and material selection. Information obtained in 
one activity will be shared with the other activities. 
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Figure 2. Consolidated spent fuel container conceptual design. 

Copper based alloys and Alloy 825 axe nol as well understood as ihe AJS1 304 and 316 materials. A future 
addendum lo Lhis reporl will consider the potential pioblcms associaier with anisottopy in these materials. 
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2.3 Goals 

The purpose of NDE is to reject all closures that contain flaws larger than a critical size. 
The actual flaw size is important because it will determine the difficulty of developing a 
NDE method and because it will also influence the cost of closure. 

For purposes of the following discussion, the actual critical flaw size will be referred to as 
a. The critical flaw size is defined as the maximum acceptable flaw size. 

The assignment of a value to a requires a complex interaction between ongoing container 
design/fabricarion activities and metal barrier selection activities; as these activities evolve, 
information can be incorporated into defining a value of a. 

Currently the constraints required for NDE process development are assumed to be as 
follows: 

• The system must be a remote examination system that can complete inspection 
without unreasonable service needs. 

• The system must be sufficiently immune to radiation that it will be able to meet 
the performance goals without unreasonable maintenance requirements. 

The system must be capable of finding flaws of a or larger with a probability 
of detection (POD) of approximately 90% and a false call rate of less than 
approximately 5%. 

• The probability of missing a flaw of a or larger must not exceed approximately 
10%. 

• Materials used during the inspection process must not compromise long-term 
performance of the container. The ultrasonic couplant and the liquid penetrant 
must be totally removable or benign in the emplacement environment. 

• The inspection method must size the flaw accurately and locate it relative to the 
container wall. The flaws located near-surface are expected to be of more 
concern than those located deeper within the container wall. The term near-
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surface flaw has not been defined but will be taken to be any flaw within a 
distance of a from the surface. 

• The flaw size must be accurately measured. The accuracy will depend both on a 
and on the definition of near surface. The rejection criteria will depend on the 
value of a, the value of near surface, and the uncertainty in sizing. Therefore, a 
system that can accurately determine flaw size and location provides a 
significant advantage in contributing to a reliable and economic inspection. 

The performance of modem NDE methods is now commonly rated in probabilities [3,35] 
rather than the more traditional but vague minimum detectable flaw. In this case, the 
probabilities will be defined relative to a. 

The first probability is for a Type I error. This error occurs when no flaw exists but one is 
incorrecdy detected, which is frequently referred to in ultrasonic parlance as a false call. 
This error is of particular concern in closure welding because the weld might not be 
repairable, in which case the contents would have to be removed from the container and the 
entire closure process repeated. Clearly, this probability must be small since the cost of this 
error is high. Therefore, an estimated 5% probability has been set. Future performance and 
materials considerations might change this value once the weld process is selected. 

The second probability is for a Type II error. This error occurs when the flaw is not 
detected and is the converse of the probability of detection (POD). The NDE community 
usually defines the POD rather than the Type II error. The preliminary value for POD is 
currently estimated at 90%, which implies a 10% chance of missing a flaw greater than or 
equal to a. The value of a is influenced by these probabilities because inspection 
performance is in terms of the value of a. That is, a smaller value for a will require an 
inspection that is more difficult to perform. Conversely, the accuracy required in assessment 
of a can influence the required POD since a higher POD can compensate for uncertainty in a 
or in crack growth rates. 

Another important process development constraint is flaw sizing accuracy. Flaw sizing is 
more difficult than flaw detection since the accuracy is only definable in terms of known 
flaws. One method to assure that a flaw is sized correctly is to require an operational test on 
a selection of known flawed and flaw-free components. This operational test (Qualification) 
must be performed on a regular basis by each crew of inspectors (with the actual equipment 
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and software) in addition to periodic caiibntion. Actual periods for the Qualification will be 
determined in the Container Closure NDE Process Development activity as the prototypical 
NDE system is developed. 

The creation of closures with known flaws is currently being planned (Section 5.1 
discusses flawed closures). This study of known flaws is important because ultrasonic 
methods, as most other methods, are sensitive to the nature and shape of the flaw. 

3.0 BACKGROUND 
To achieve the inspection goals described in Section 2.3, inspection methods that have 

been successful on face-centered cubic materials will be used in combination. Prior to 
discussing the specifics of the different inspection techniques relative to the closure 
requirements, the basic concept of each technique will be reviewed 

3.1 Volumetric Methods 

Volumetric methods are used to detect and size defects that do not break the container 
surface or nat do not lend themself to surface-based inspection methods. Defects on the 
interior of the container as well as many weld defects fall into this category. 

3.1.1 Ultrasonics 

Ultrasonic waves (for NDE purposes, 1 to 20 megahertz frequencies or 5 to 0.1 
millimeter wavelength) can propagate in solids with many different modes. Three modes are 
important in closure inspection: longitudinal, shear, and surface or Rayleigh waves. The 
velocity of each mode is unique, so each has a different wavelength and can be mode 
converted to other modes when reflected or refracted at a surface. 

Longitudinal waves are conventional pressure waves (such as those we hear) and 
can exist in both fluids and solids. The particle displacement associated with the wave 
is in the same direction the wave travels. Shear waves have a particle displacement at 
right angles to the wave direction and can only exist in solids. 
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Figure 3. Ultrasonic waves can propagate in longitudinal, shear, and surface 
modes. 

Figure 3 shows how ultrasonic waves can coexist and refract in solids. Refraction is 
controlled by Sneli's law of optics, using acoustic speed instead of light speeds. Since shear 
speeds are always slower than longitudinal speeds, the angle at which the shear wave 
refracts is less than the angle at which the longitudinal wave refracts. The relationship of 
arcsini N-siniO) ) predicts the angle of refraction for both the shear aid longitudinal 
waves, where N is the ratio of sound speeds of the refracting materials and incident 
materials (and is typically smaller for shear waves than for longitudinal waves) and & is the 
angle of incidence. Clearly, as N*sin(0) grows to be equal to 1, a critical angle is reached 
with two significant results: (1) die longitudinal wave is refracted to 90 degrees and only a 
shear wave exists and (2) a portion of the energy is converted into a surface acoustic wave 
(SAW). The result is called the first critical angle. Since the shear wave has a different TV, it 
too can be refracted to 90 degrees from the vertical when this smaller value of N'sin(&) 
becomes equal to 1 (the shear wave is slower than the longitudinal wave). This angle is 
called the second critical angle. Beyond this second critical angle, only surface waves are 
generated. 

The surface wave penetrates only a short distance into .!ie material, one or two 
wavelengths at most (approximately 3 millimeters for a 1 megahertz wave in steel). In air or 
a vacuum, the surface wave propagates with a lir loss rather than the familiar 1/r2 loss (r 
is the distance traveled by the wave). In water, however, the loss is very rapid since the 
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surface wave mode converts back into a longitudinal wave and bleeds off into the liquid. 
The distance the SAW travels is only 10 to 20 wavelengths. 

The reflection of sound from flaws and surfaces is complicated by (l)the incident wave 
being mode convened to one or more of the other two and (2) the wavelength being similar 
to the sizes of defects of interest. When the wavelength is one tenth or less of the flaw size, 
the flaw acts like a specular reflector and the angle of reflection equals the incident angle. 
Specular reflection is unlikely for closure applications since it would require flaws about 
halfway through the container thickness; hence the flaws wiU both reflect and diffract the 
ultrasound. 

3.1.1.1 Diffraction 

Smaller flaws tend to diffract (Fig. 4 illustrates diffraction) the sound at an included angle 
that is inversely proportional to flaw size. Diffraction is governed by the Lommel diffraction 
integral [4], which defines the complex relationship between the transducer and the flaw 
diameter. The included angle can be calculated by this integral but it does ignore the 
conversion of shear waves to longitudinal and vice-versa. The diffraction from the tips of 
cracks is also possible and can be calculated using finite difference or finite element 
methods. Diffraction is not intuitive and must be determined analytically and/or by 
experiment (we propose both approaches for container closure NDE). The diffraction from a 
simple shape, such as a disk, is only part of the scattered field. Additional scattering occures 
at the edge of the disk although weaker and this scattering is independant of the flaw size 
until it is very small relative to a wavelength and it is in a different direction from the 
diffraction from the rest of the flaw. The reflected sound field of a flaw can therefore be 
complex and must be calculated in some detail to predict flaw detectability. 

One difficulty presented by this phenomenon is that very small flaws can be detected 
independently of their orientation but very large flaws can be detected only through a narrow 
range of angles. One solution is to use multiple wavelengths and multiple transducer angles 
to handle the directional dependence. 
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Figure 4. Ultrasonic diffraction from various size flaws; top, middle, and bottom 
are large, medium, and small diameter circular flaws, respectively. The gray areas 
are schematic representations of the sound intensity reflected from the flaws; the 
boundary of each gray area represents constant intensity. 

3.1.1.2 Noncontact methods 

A noncontacting method of generating and receiving ultrasound would be desirable for the 
remote NDE of waste containers since a couplant complicates the inspection. The 
generation and reception of sound by Electromagnetic Acoustic Transducers (EMAT) is one 
possibility. These devices are based on the principle that a current flowing in a magnetic 
field experiences a force qvxB, where q is the charge, v is the velocity of the electrons, 
and B is the magnetic induction. The implementation of an EMAT then requires a direct-
current magnetic field (B) and a current flowing at the ultrasonic frequency (usually 
produced by eddy currents). Since a metal moving in a magnetic field will also produce a 
signal, the returning ultrasonic wave will produce a signal in the eddy current coils used to 
generate the wave. Hence in a magnetic field an eddy current coil can be made to generate 
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and receive ultrasonic waves much like conventional transducers but with substantially less 
efficiency. 

Yet another noncontacting method of generation is a pulsed laser which will heat the 
surface of an absorbing material and create a thermal wave. This local heated zone converts 
to conventional sound waves (both longitudinal and shear). The amount of sound generated 
is proportional to the coefficient of thermal expansion (Cl'fc), the specific heat at constant 
volume, and the laser energy. Most metals have a high CTE so that laser generation of 
sound is relatively efficient. Since energy input must be well below that which would melt 
the material being inspected, there is a sharp limit on the amount of sound that can be 
generated. This limit is comparable to what piezoelectric transducers can generate in 
materials. 

The reception of laser-generated sound can also be accomplished optically using an 
interferometer. This method generally requires a reflective surface that is smooth over a 
short (approximately 100 micron) scale. Because the transmission with a piezoelectric also 
requires a smooth, flat surface that is several millimeters, this is not a problem. The 
generation of sound (at a point) and receiving of sound (at a point) using the laser has been 
demonstrated by combining the optical interferometer with a pulsed laser. This is roughly 
comparable to a piezoelectric system but would require development to be capable of 
competing with the ultrasonic techniques described in Section 4.1.1.3. 

3.1.1.3 Synthetic aperture focusing technique 

Synthetic Aperture Focusing Technique (SAFT) |21,32,33-35,38-43] was developed for 
nuclear reactor pressure vessel examination and for austenitic nuclear piping weld 
inspection. By using this ultrasonic method, one can obtain a focused ultrasonic 
examination through long path lengths in metals thai cannot otherwise be obtained with 
available transducers. As the thickness of the metal becomes smaller, the advantages of this 
method decrease (see Fig. 5) in comparison to conventional focused transducers. The 
advantages of SAFT are greatest for thickness greater than 25 mm. 

This method is based on the principle of superposition, which essentially says an 
ultrasonic wave can be made by adding up small waves (point sources). The point sources 
are created by using transducers that are focused at the surface of the closure, as shown in 
Fig. 5. As the transducer or transducers are moved along the part, data is obtained for the 
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signals at each location. If each signal is shifted in time ihe correct amount, the signals will 
add together as though a synthetic aperture and focus had been used. The size of the 
aperture is controlled by the number of point sources, that is, the number of samples taken 
multiplied by the spacing between them. The focus depth is determined by the time shift for 
each point source. Because this time shift can be repeated for many different sets of time 
shifts, the focus depth can be very large. The aperture is only controlled by now far the 
beam of sound can spread in the material, which is limited by mode conversion to 
approximately 40-60 degrees. The wave mode converts to shear waves when the first 
critical angle is reached (Fig. 3), and these waves cannot be used in the synthetic focus 
because they have a different time shift. 

BW\ 

4-'ocusio s^*«f»a 

Figure 5. Synthetic focusing achieves focusing by time shifting the received signals 
(right side) obtained with an unfocused beam and summing them to obtain a spatial 
average. This is done for every signal in the synthetic aperture and at every depth of 
focus. 

3.1.1.4 Pattern recognition 

Pattern recognition techniques have been shown to be effective in providing better flaw 
detection and sizing capabilities. These techniques use features of the ultrasonic signals to 
enhance the information contained in the signals. Typically the approach treats factors such 
as the signal rise time, power, rime domain behavior of the signal, anr" similar factors as 
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data to be statistically analyzed. The approach includes uncertainty in the relationships 
among these variables and the factors to be measured, such as flaw size. 

The rise time from a crack might be less than 20 nanoseconds while the power in the 
reflected 2-3 megahertz band is usually twice as great as that in the 1-2 megahenz band if the 
signal is from a crack. There is inherent uncertainty in each factor taken alone, but by 
combining these parameters in the correct way, the overall uncertainty would be reduced. In 
actual practice, dozens of factors are used to improve the ability to make a pattern emerge 
from the data (typically by multi-variate regression). Thus, a better measure of defect size or 
more reliable defect detection can result |271-

3.1.1.5 Presentation techniques 

The presentation of ultrasonic data is complex and three methods are commonly employed 
to represent the data in a more meaningful way. The first method is called A-scan and 
represents the amplitude of the ultrasonic signal as a function of rime. Knowing the 
geometry and the speed of sound, we can convert the A-scan into space coordinates 
(millimeters or inches). However, refraction of the waves causes the space coordinates to be 
at an angle and internal reflections in the part further complicate the A-scan interpretation. 
The sound generally travels in a V-shaped path so that the simple linear model of the A-scan 
does not accurately show the true location of a signal. The sound can also travel by other 
paths and arrive at the same time, making the interpretation more difficult. Ultrasonic tests 
are carefully designed to avoid the interpretational problems associated with the data 
presentation, and other presentation methods have evolved <n m?!r<* interpretation easier. 

The second method is called B-scan. This presentation is a graphical summary oi" multiple 
A-scans taken at different locations {essentially a 3-D display). The third dimension is the 
amplitude of the ultrasonic signal. This representation is an improvement over the A-scan 
because the relationship between the reflections can more readily be interpreted as the 
transducer is moved. The display of the B-scan does not represent the actual part or flaw 
shape because of the distortion caused by refraction and reflection of the sound beam. 

The third method, called C-scan, is obtained by taking only the maximum signal during a 
specific time period of the A-scan. This process is analogous to searching the A-scan from a 
start to a stop time and calculating the maximum ultrasonic amplitude. This amplitude is then 
plotted in color or shades of gray on a map that relates the value taken to the position of the 
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transducer when that A-scan was taken. The total effect is a map of the signals during a 
specified time that look like a plan view of the part. The times are chosen so that this map 
can be related to the flaw depth or severity of flaw at the depth r^nge cnn-esponr^-r. to the 
start and stop times selected- Several such maps can be made simultaneously at different 
times or depths in the material. C-scan is easy to interpret but is known to produce 
inaccurate flaw sizes when used by itself. The information contained in the A-scan is needed 
to perform more sophisticated flaw sizing and signal processing tasks. 

3.1.2 X-rav methods 

X-rays penetrate solids and are absorbed by a variety of complex processes that relate to 
material density and thickness. The absorption can be represented by 

/ =l'e -v* 

where / is the intensity of transmitted x-rays, /' is the incident intensity of the source of x-
rays, p. is the effective absorption coefficient, and x is the thickness of the material. The 
absorption coefficient is a complex function of the x-ray energy and the material density and 
composition but is roughly proportional to density if the other parameters are held constant. 
Thus, the fundamental concept of radiation-based methods is to record via film or x-ray 
sensitive detectors the intensity of the transmitted radiation. This provides an image of the 
density times thickness (DXT) of the sample. In film radiography a full planar view of the 
object is recorded, whereas gaging methods employ accurate point-by-poinr evaluation of 
DXT. Since most defects are different in density from the parent material, x-ray methods 
image flaws so they can be interpreted by the human eye. 

The formation of images of the waste container closure is complicated by the radioactivity 
of spent fuel. Typical estimated values at the closure surface due to the spent fuel range from 
1000 to 100 RADs/minute. This is the same order of magnitude a typical x-ray source will 
produce. The formation of an image is made very difficult by this background radiation 
level, which will fog the film faster than the x-ray source will. 

Several possible solutions exist. The best is to use a gaging method with double 
collimation, i. e., both source and detector collimation (Fig. 6). Gaging is better able to deal 
with the high levels of background radiation for two reasons: (1) the double collimation 
allows directional detection that will exclude much of the background radiation and (2) the 
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radiation source and detector are matched so that only radiation from the volume seen by 
both collimators is detected. 

Radiation 
detector and 
collimator 

Radiation 
source and 
collimator 

Figure 6, X-ray gaging might be applied. The source collimator and detector collimator 
define two beams that intersect in only a small volume in the container and exclude most 
radiation coming from other Darts of the waste packaee. 

" X-ray source 

Detector 
response 

Figure 7. X-ray gaging is not sensitive to cracks because the crack must be aligned 
with the x-ray beam (on the right) for the crack opening to be visible. In principle, a 
crack with a very small opening cannot be detected. 
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Gaging is generally much slower than other x-ray methods because it gathers data one 
point at a time. This can be improved, however, by the use of multiple sources and 
detectors. Detection levels for most flaws using the gaging method is as good as detection 
levels using conventional x-niy methods. Unfortunately, the detection of small crack-like 
defects is not as good as when using ultrasonics (Fi.g. 7). This insensitivity to cracks makes 
x-ray methods less attractive than ultrasonics for the closure examination. 

Figure 8. Positron tomography, shown in plan view, uses gamma (7) rays emitted 
in opposite directions to locate the position of the positron emitter in the closure. 

Another potential x-ray method is positron tomography. Positron tomography requires 
that the materials to be examined be doped with a positron emitter. These emitters need only 
be provided in trace amounts but will make the container radioactive. The method uses the 
x-rays emined by positron-electron annihilation to form tomographic images (Fig. 8). Two 
x-rays are emitted in opposite directions ai 511 kiloelectron volts (this energy is the rest 
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mass of an electron and is independent of which dopant is used) so that the detection of both 
direction and energy can be used to discriminate against the background radiation. This 
method can detect features approximately 1 millimeter long in biological applications, and 
improvements could be made in the inspection of metals that could potentially make the 
method as good as x-ray gaging. Improvements include use of higher levels of radioisotope 
combined with smaller diameter collimators. 

3.2 Surface Methods 

3.2.1 Liquid penetrants 

When the surface is accessible and the flaw breaks the surface, then a surface method can 
be used. Most methods have a means to increase the visible width of the flaw so that the 
flaw can be seen. The most popular meuiod is liquid dye penetrant, which uses a dye that 
penetrates surface-breaking flaws. After applying the penetrant, the surface penetrant is 
removed and a developer is applied thai draws the dye out of the defect so that it can be 
seen. Any material that will make the flaw visible can be used, and a vast array of existing 
materials (from food coloring to radioactive gas) have been employed. Currently hundreds 
of materials are available for a wide variety of materials and applications. 

In spite of its apparent simplicity, liquid penetrant testing has been well characterized 
experimentally and theoretically and has become increasingly sophisticated. An extensive 
data base on material compatibility shows penetrant materials to be compatible with most 
steels over engineering time periods [5]. Unfortunately no data base exists for time periods 
greater than a few decades; therefore, leaving these materials on the container will not be 
permissible. 

Removal of liquid penetrants is a well-developed science that provides a relatively high 
assurance that no residues remain. Hot cell and remote use has been restricted to 
experimental and special-purpose applications for nuclear reactors. Removal of liquid 
penetrants has been accepted for nuclear reactor inspection applications, but the periods 
between reinspection does not exceed 20 years under current practices. 
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3 .2 .2 Kddv current 

Another surface method that has been shown to be very effective at finding surface and 
near-surface flaws in conductive metals is eddy current. For some aerospace applications, 
eddy current has replaced liquid penetrants because of its high speed and ability to penetrate 
a short distance into the surface. 

The principle of eddy current testing is the interruption of eddy cuirents, generated in the 
material by a coil when a flaw is present. The eddy currents penetrate a distance into the 
material controlled by the test frequency [6]. The distance is inversely proportional to 
frequency. 

/J = («ognmm 

where p is the distance the current falls to He (e is the base of natural logs) of its original 
value, co is the angular frequency, g is the conductivity, and ji is the permeability. The 
ability to see small flaws is also inversely proportional to frequency (0) -llf ) so that the 
depth of penetration must be weighed against the need for sensitivity. Also, practical 
considerations limit the depth of penetration to approximately 6 millimeters in most 
conductive materials. 

Eddy current performance has been demonstrated in conductive and ferromagnetic 
materials to be equal to (and in some cases exceed) the performance of liquid penetrants [7]. 
Eddy current requires no couplant and, with proper coil materials, is virtually immune to 
radiation. The disadvantages are that it cannot easily handle rough surfaces such as welded 
materials, it requires extensive development (to handle the variation in material conductivity 
and/or magnetic properties) for each material, it cannot easily handle mixed phase materials 
such as retained ferrite in austenitic metals, and it is slower than liquid penetrants for the 
waste closure. Eddy current is also a volumetric method when the frequency is lowered to 
allow penetration of the material. The detectable flaw size increases under this condition. 

3.2.3 Ultrasonic surface waves 

As mentioned earlier, the surface wave travels only on the surface, but the wavelength 
can be chosen so that its penetration can be selected to be anything from 3 millimeter to 3 
microns. The propagation of the surface wave is similar to the other modes of propagation 
in that the surface wave will reflect from a flaw in its path. This fact has been used to inspect 
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surfaces by generating a wave and looking for reflections from flaws. When no liquid is on 
the surface, the surface wave can travel large distances with little attenuation, which can be 
used to inspect very large surfaces quickly. 

Unfortunately, surface roughness can scatter the wave. Also, many ultrasonic tests are 
conducted in water, which contributes to the attenuation. A hybrid water surface wave test 
has been developed that requires the surface wave to propagate only a few wavelengths to 
detect flaws. This method has been used to inspect reactor piping and welds in light water 
reactors and might be applicable to closure weld inspection [8]. 

The principle is simple in that a surface wave reradiaies into the water at a unique angle 
determined by the water sound speed and surface wave speed. This angle is 30-40 degrees 
in the same direction die surface wave travels. If the surface wave is reflected from a flaw, 
then the resulting reradiation is back in the direction from which the original wave came and 
can be received by the transmitting transducer. 

Since the transducer must be scanned over the entire surface, this method is the slowest of 
the three surface methods. Since the surface wave is reflected from rough surfaces, this 
method is also difficult to apply to welded surfaces that scatter and reflect the waves and 
confuse interpretation. Claims of performance similar to that of dye penetrants have been 
made [10]. 

4.0 NDE TECHNIQUES CONSIDERED 

The various methods considered for volumetric examination are compared in Table 1, and 
the methods considered for surface examination are compared in Table 1. Some methods 
have been eliminated because they will require significant research, and others have been 
eliminated because they do not meet the anticipated performance requirements. 

Table 1. Comparison of Volumetric Methods 

Method Rank Status Chance Best Sensitivity 
for Improvement 

Ultrasonic 1 Mature technology Good 1% 
Eddy current 2 Mature technology Poor 10% 
EMAT ultrasonic 3 Development rcq. Poor 5-]0% 
Positron tomography 4 Innovation rcq. Remote 10-20% 
X-ray radiography 5 Malure vcthnology Very remote 50% 
Laser ultrasound 6 Innovation req, Very remote Unknown 
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Table 2. Comparison of Surface Methods 
Method Rank Status Chance Best Sensitivity 

for Improvement 

Liquid dye pencuant I Mature technology Poor 0.1% 
Eddy current 2 Requires crown removal Fair 0.1% 
Ultrasonic surf, wave 3 Requires crown removal Fajr 0.1% 

The choice of a method relies on judgment based on the demonstrated performance of the 
method described in the literature. The judgment criteria include the following: 

• Ability to detect crack-like flaws between 1 and 10% of container wall thickness. 

Application in a remote environment. 

• Radiation resistance. 

Ability to deal with a rough surface on both the outside and inside of the container. 

• Potential of a reliable prototypical system, capable of anticipated production, with 
minimal operator judgment required. 

Methods that were eliminated by these criteria include: 

• Laser ultrasound because it is not demonstrated in a high radiation field and is 
potentially vulnerable to radiation darkening of optical components. 

• X-ray radiography and gaging because of the poor crack detection ability and the 
interference from the high background radiation. 

• Positron tomography because of the difficulties in handling the radioactive materials 
and the poor crack detection ability. 

• Eddy current volumetric methods because of the poor crack detection ability and the 
difficulty in handling weld surfaces. 
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• EMAT methods have potential but require better efficiency and higher frequency 
capabilities than demonstrated by current systems on conductive metals. 
Ferromagnetic materials are potentially more efficient and would improve the chances 
of using this method for closure NDE. 

4.1 Volumetric Flaw Detection 

The volumetric method must be able to detect a variety of flaws and to characterize their 
dimensions with sufficient accuracy to meet the goals described in Section 2.3. The primary 
flaws of concern are those near a surface and those that are crack like. 

4 .1 .1 Ultrasonic techniques 

Ultrasonic methods are the most promising volumetric method because of a demonstrated 
ability to detect small crack-like defects in, austenitic weld metals. Referring to Table 1, we 
see that ultrasonics is the most sensitive (1%) method. The method is also the only crack 
detection method that has a demonstrated crack sizing capability in welds [9]. 

Ultrasonic experience exists to examine austenitic welded pipe remotely at temperatures to 
200C. One area identified as needing additional work is that of dealing with the weld metal 
inhomogeniety and anisotropy. Some system design issues were identified for this 
technology but ultrasonics is currently the only demonstrated remote volumetric 
examination method. This method was demonstrated on Type 316 stainless steel welds but 
extension to other alloys seems to be straightforward (101. The demonstrated technology 
was tested under more severe robotic conditions (more complex and at a greater distance) 
and at a higher temperature than required for hot cell use. 

A large body of work in the ultrasonic inspection of austenitic piping contributes to the 
belief that this technology holds promise for closure examination but difficulties have been 
encountered with some alloys and weld methods. Ultrasonic examination of some weld 
methods may be more difficult than expected for any of the candidate alleys. Ultrasonic 
properties of copper alloy based welds are less well known f 12] than the other alloys, hence 
they are more likely to have difficulties. Existing information seems to indicate that cast 
copper alloys will be similar to cast auslenitics which suggests thf:ir welds will also be 
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similar, therefore, the ultrasonic methods developed for austenitics may be applicable to 
copper alloys. 

Ultrasonic methods are well established for weld inspection remotely and in high radiation 
fields [ 11.1026-29] in austenitic materials. The flexibility and versatility of ultrasonic 
techniques is well known and allows this method to accommodate a variety of closure 
methods and maierials without catastrophic difficulties. The purpose here is to show the 
number of known methods that improve the ultrasonic testing of welded austenitics, which 
help demonstrate its versatility. These enhancement methods can be combined to achieve a 
greater performance than each can achieve by itself. 

The use of focused transducers at multiple refracted angles and frequencies can be 
combined with tandem two-transducer methods. The diffraction in the weld region will be 
studied to infer its properties using the 14-axis two-transducer Ultrasonic Test Bed. The 
use of Synthetic Aperture Focusing Technique and Pattern Recognition methods are also 
being pursued because of their success on anisotropic/inhomogeneous materials. 
Additional improvements are sought to understand more clearly the statistical properties of 
the calibration process and to optimize the statistical control of the NDE test. 

4.1.1.1 Experiments for preliminary assessment 

The following experiments, which were conducted to assess potential performance of 
ultrasonic inspection using a remote system, serve as standards of the present technology. 
Type 3<M stainless steel welds and Incoloy 825 base material were inspected to assess the 
performance of ultrasonic methods in these materials. Copper wtld ultrasonic properties 
were not measured but will be done latter. 

Artificial defects of 1, 2,4,6,8, and 10% of the nominal container wall were fabricated 
on a section of pipe. These notches were used to calibrate both C-scan and B-scan data on 
weld specimens. Although the welds are not prototypical, they are similar in materials and 
geometries to some candidate materials. These similar specimens are believed to reasonably 
model problems likely to be encountered in welded closure of all the candidate container 
materials. Other joining methods are under consideration: it is not known if these specimens 
are a stood model for these other closure methods. 
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Figure 9. Inspection of sample defects using the C-scan method. 

A C-scan is obtained by electronic gating of the ultrasonic time signal (Fig. 9). The 
voltage (ultrasonic amplitude) vs. time trace is called an A-scan. Because the time signal gate 
corresponds to a specific distance traveled in the material, only signals that occur at that 
distance arc included in the C-scan. The C-scan data can be represented by a spatial map that 
can be viewed as a plan view of one depth of ultrasonic indications in the material. There is 
no limit to the number of such views except for the practical limit of time resolution of the 
ultrasonic system employed. Typically, two to three such maps are necessary to provide 
complete coverage of a weld. One disadvantage of this method is that the data cannot be 
signal processed later. San"-' ^ of a weld C-scan presentation are shown in Fig. 10. 

The value of the ultrasonic signal is ideally proportional to the flaw severity or depth but 
in practice this approach is only approximately correct and additional information is needed 
to measure flaw depth accurately. The principal advantage of the C-scan method of 
processing the data is that it is easily understandable and can be done with a modest amount 
of computer storage for the data. 
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Position in millimeters 
Figure 10. Sample C-scan of weld. The weld is on the right side (25 millimeter), 
and defects have been created on the left side of the weld (5% depth), one on the top 
surface (left) and one on the bottom surface (right). The contour plot shown here is 
one possible way of displaying the data; others include color and gray scale images. 

The B-scan method is illustrated in Fig. 11. The B-scan method stores the entire time 
series or A-scan information at each sample point of the ultrasonic transducer. This method 
uses larger amounts of data storage because up to several hundred samples will be required 
at each transducer location. The disadvantage of the large data storage requirement is offset 
by the ability to perform sophisticated signal processing methods (including those not yet 
developed) and by the ability to provide complex time of flight information, sometimes 
called echodynamics; these advantages are important in flaw sizing 113]. This method is 
now used for a variety of commercial vendor inservice inspection systems. 

One significant disadvantage of the B-scan method is that it can only be interpreted by an 
expert and is largely incomprehensible without extensive explanation. One method of 
solving this has been implemented for SAFT by presenting the data in a plan view or a 
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cross-sectional format that presents a less distorted representation of the data. A typical 
weld B-scan is shown in Fig. 12. 

Echo from top strfoce 
Signals from 
each position 
of the 
transducer 

Figure 11. B-scan method illustrating echo dynamics. 

\ 

V 

Figure 12. Sample B-scan of weld and flaw. The streaks near 100 on the time axis 
are echos from the weld crown through the water (hence not relevant). The streak at 
300 to 375 ts a 5% artificial flaw. The echos on the right side are from defects seen 
in Fig. 14. Note that some noise visible in Fig. 14 has been eliminated, i. e., the 
flaws are easier to see in this representation than in the contour plot of Fig. 14. 
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The image in Fig. 12 shows a vertical crack and shows the complexity of the signals 
obtained from defects. At first one might be tempted to think the data representation in Fig. 
10 would be easier to use but this ignores the extra information present in the echo 
dynamics. This extra information is needed to distinguish false signals from the weld bead 
from real defects and provides information to be u«"-J :". pattern recognition. 

4 . 1 . 1 . 2 Flawed welds 

Weld and heat affected zone defect manufacturing was tried in Type 304 stainless steel. 
The defects were created by machining lands (1 millimeters in 10 millimeters thick plate) in 
the weld preparation (Fig. 13) which allowed a preliminary assessment of the difficulty in 
manufacturing small defects in a typical material and closure joint 

After welding 

tr™$£z?m 

Figure 13. A preliminary method of flaw manufacture. 

The ultrasonic and radiographic data on these welds show the defects to be much larger 
than the 1 to 5% sizes sought. The larger defects are not as interesting since they can be 
detected and sized reliably by ultrasonic testing in most candidate alloy and joining methods. 
A typical C-scan of one of these welds is shown in Fig. 14. This simple method of 
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manufacturing realistic defects in welds will require more development to be able to meet tiic 
needs of the waste closure volumetric inspection system. 

4.1.1.3 Large depth of field lens 

Transducer design was begun and large depth of field transducers were obtained and 
tested. The use of large depth of field transducers is independent of the other methods 
described here and can be combined with them 114|. Large depth of field is desirable 
because the flaws remain in focus through a larger thickness. As with a camera, a telepholo 
lens can see small objects, but if the depth of field is too short, then the lens must be 
refocused at many different depths to detect the same size object through the depth of 
material. The index of refraction (ratio of the sound speed of material to couplant) of steel, 
and most metals, is approximately 2 for shear waves and 4 for longitudinal waves. Most 
optical materials have an index near 1.5; therefore, imaging with sound is analogous to but 
more difficult than optical imaging. 

A beam profile of a two-megahertz transducer is shown in Fig. 15. The depth of field, as 
measured to the full width half maximum point (FWHM), is 15 millimeters in water or 
approximately 7 millimeters in steel for shear waves. The FWHM is the width of the sound 
beam when the amplitude is half the maximum amplitude. A 1 centimeter weld would 
require two passes with this transducer to be able to maintain focus through a 14 millimeter 
metal path, approximately a 45 degree shear wave. Two passes of the transducers can be 
performed rapidly or the number of transducers can be doubled to maintain inspection 
speed. Even larger depths of field appear possible. The current design a'so produces 
substantial acoustical power, which is an advantage in lossy materials such as stainless steel 
welds. 
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Figure 14. C-scan of flawed weld. The weld is in the center and artificial defects are 
on the right. The contour levels are the same as in Fig. 10. Note the difficulty of 
distinguishing flaws from noise. Much of this noise is from the weld crown and can 
be separated from flaw signals in time (Fig. 12). 

The use of large depth of field transducers has advantages over S AFT for wall thickness 
less than approximately 15 millimeters. To understand why, one should realize that the 
synthetic aperture must be made from sound that actually penetrates the material. The 
practical beam divergence is determined by the combination of mode conversion at the 
interface and the critical angle for the mode being used. For an angle beam transducer, this 
limit is in the range of 35 to 45 degrees so that the maximum width of the sound beam is 
approximately the thickness the sound must penetrate. In materials less than 15-millimeters 
thick, the largest synthetic aperture that can be created is limited to 30 millimeters or so. 
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Conventional transducers to 50-millimeter diameters are commercially available and SAFT 
cannot improve on them. The use of a l.irge depth of field reduces the time penalty for the 
conventional transducer since a few transducers can focus through the entire volume of 
material. SAFT still contains some valuable methods that will be used on this activity since it 
straightens out the B-scan image and makes the sound image look like the pan (see Section 
3.1 on SAFT). This process essentially converts the individual A-scans obtained into a map 
of spatial coordinates instead of time coordinates. 

Transducer 
Frequency Wavelenqth 
2.5 Mhz 
5.0 Mhz 

10.0 Mhz 

1.5 mm 
0.6 mm 
0.3 mm 

FWHM 

Figure 15. Beam diameter and the definition of Full Width at Half M a x l r n u m -

The use of large depth of field lens is planned for use in this activity and requires only 
minor development. 
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4 .1 .1 .4 Diffraction-based methods 

Diffraction of ultrasound from cracks has been used to size flaws more accurately than 
conventional test methods in austenitic weld metals for nuclear piping [ 16,21]. Information 
exists in the acoustic field that has been diffracted from a flaw that could be used to 
distinguish flaws from scattering from inhomogenieties in the weld metal. The sound 
reflected from the weld metal is dependent on the scattering from the microstructure of the 
weld metal and beam distortion. The distortion is caused by the variation in sound speed in 
the material from place-to-place caused by preferred orientation. The changes in speed 
refract the sound beam so that it travels in a direction different than anticipated. 

Scattering is caused by the same preferred grain orientation that causes distortion but on a 
scale that is close to the wavelength of sound employed. The importance of scattering and 
beam distortion will be dependent on the selected closure process and material. The 
importance of these phenomena is, therefore, not yet known except for welding of Types 
304 and 316 stainless steels and of Alloy 825, which are known to evidence this type of 
behavior. Well-developed techniques are available in ultrasonic inspection technology to 
solve such problems in these three materials. 

Information on scattering is difficult to obtain with conventional test systems because the 
geometry of two transducers cannot vary arbitrarily to obtain information on the scattered 
field. The Ultrasonic Test Bed is designed to provide this capability and will be used to 
obtain scattering information on artificially manufactured flaws and closures, which should 
lead to an improved understanding of the diffraction and distortion caused by the anisotropic 
weld metals envisioned for the closure weld. 

Analysis of anisotropic weld metals is much more complex than in isotropic materials 
(femtics for example), and we have sought tools to allow improvements in this area. L. 
Adler [17] has produced software tools that we have selected for use in this activity because 
of their potential ability to predict the sound path in anisotropic materials. 

Software developed by J. Opsal [18] andC. Visscher[19] to allow detailed scattering 
calculations from flaws will also be used. The codes have been installed on LLNL 
computers and will provide a theoretical framework for use of the Ultrasonic Test Bed 
(UTB, see the Appendix for a discription of the UTB). 
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Statistical pattern recognition algorithms such as Automatic Learning Networks have been 
used with considerable success in nuclear piping weld inspection. These methods use 
statistical techniques to estimate how to remove interfering signals and to obtain useful 
measurements. The basic method uses known flawed materials, with known desired 
signals, to train on or learn the difference between flaws and noise signals. The result will 
be a signal with the interfering or noise signals removed and only significant signals 
remaining. Existing software at Sandia National Laboratories has been successful at 
improving inspection in austenitic weld metals |20| and will be used to explore the 
applicability of these methods to the inspection of the closure weld in conjunction with 
diffraction-based methods using the UTB. 

4.1.1.5 Synthetic aperture focusing technique 

The thickness of the container wall is approximately 10 millimeters; therefore, real 
transducers can be larger than the synthetic aperture that could be calculated. Transducers 
with depths of fields comparable to the container thickness are available so that focused 
images can be obtained without the calculational burden of the S AFT method. For this 
reason the advantages of this rnediod for the closure examination are limited. This would be 
less true if the thickness increased to 25 millimeters and SAFT would be the prefered 
method with thickness greater than 50 millimeters. 

This method does have the ability to unfold the B-scan data so that the image looks more 
like a cross-sectional view through the weld or closure. The improvement in interpretation 
of these less distorted images might be desirable for closure NDE. 

The SAFT computer codes are available if needed for closure NDE application. Use will 
be made of the display routines. 

4.1.1.6 Focused methods 

The ability of focusing to improve the ultrasonic examination of weld metals can be 
understood from the nature of scattering from the austenitic weld metal'. The scattering site 
is known to be a significant fraction of the weld thickness (more than 10% of wall 

The container material has not been selected but ihc ultrasonic properties of ihc other candidate alloys arc 
similar to austcnitics and Lhey are used as an example of ihc lypcs of problems lo be cncounicrcd and because a 
large experience base exists in solving ultrasonic inspection problems in this lypc of material. 
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thickness) and reflects a fixed amount of sound back to the transducer. The amount is 
determined by the acoustic impedance (the sound speed multiplied by the density) mismatch 
in mat region, or by die diffraction properties of that region, or by both. The sound 
amplitude reflected from a low density defect is usually much larger than the scattered 
sound because the impedance mismatch is greater. As the sound beam is reduced in size, the 
percent of the sound beam area intercepted by the flaw increases. The actual amplitude 
reflected is the product of the acoustic impedance mismatch of the flaw and die area of the 
defect as a percent of the beam area at that point Since the beam area is reduced, this laner 
percentage is increased for the flaw but not for the scattering site since the site already 
covers 100% of the beam. This method has been used to improve nuclear piping weld 
examination in Europe and the United States [ 13]. Figure 16 is a beam profile of a large 
depth of field transducer. 
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Figure 16. Beam profile of a large depth of field lens (14 millimeters in water). The 
center contour defines the FWHM value which is 1 millimeters for this lens. 
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4.1.1.7 Longitudinal waves 

Longitudinal waves have been shown to be effective in reducing the scattering and beam-
bending characteristic of austenitic metals (22,26,28,301. The presence of a shear wave 
with a different speed and angle than those of die longitudinal wave is a complexity {Fig. 
17) that must be overcome to use this method, but is justified to take advantage of the 
superiority of the longitudinal wave mode. The simpler ibe weld shape, the easier it is to 
apply longitudinal wave methods. 

The means of dealing with two wave modes is dependent on the difference in their sound 
speed. The difference in sound speed causes signals from the longitudinal wave to arrive 
sooner. The speed difference also changes the angle of refraction; therefore, these signals 
travel a shorter distance for shear modes and the time difference is not as great but the 
amplitude frequently is very small. The irregularity of shape (characteristic of welding) can 
make this interpretation more difficult if the weld shape reflects shear waves so that they 
arrive at the same time a longitudinal signal is expected from somewhere else. Hence, shape 
and roughness of the closure can increase the complexity of die inspection or can make 
interpretation more complex. 

The reasons for superior results with longitudinal waves is not well understood, but their 
superiority has been well established [2]. Evaluation of longitudinal wave inspection will be 
pursued for the closure NDE activity. 
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Figure 17. Use of a simple longitudinal wave angle beam showing the separation of the 
longitudinal and shear waves because of their different sound speeds. 

4.1 .2 Alternative volumetric techniques 

4.1.2.1 Positron tomography 

Positron tomography is a well-developed medical technology. A positron emitter is 
distributed so that its concentration corresponds to the features of interest. Imaging is 
accomplished by using the fact that positrons travel only a short distance before de-exciting 
and emitting two 0.5 megavolt gamma rays at 180 degrees to each other. This symmetrical 
emission allows a ring of detectors to form a tomographic-like image using time coincidence 
methods. Current medical methods result in an image resolution of approximately 1 
millimeter in biological tissues. 

When using this technique with a waste closure weld, a means of introducing a small or 
trace amount of positron emitter would have to be found. Since the high background 
radiation of the waste has ;* broad spectrum, a counter that looks only at the 0.5 megavolt 
decay of the positrons has a high level of exclusion for the background. The amount of 
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positron activity needed under these conditions is substantial since the energy selectivity 
cannot achieve much more than a mil lion-;o-one improvement. If we assume the activity of 
the waste is equivalent to a megacurie, then one curie of positron emitter is needed. At 
current specific activities, several to a hundred grams of positron emitter would be needed. 
This level of contamination is of concern from a material point of view; i.e., the available 
positron emitters are not benign weld constituents. Additionally, the cost of the material 
would be prohibitive (thousands of dollars per container). 

The ability of this method to detect crack-like defects is unproven and it would not be 
expected to be better than a radiographic method since it depends on similar physics to form 
the image. This leaves positron tomography a lower priority candidate for the NDE of the 
container closure. 

4.1.2.2 Eddy current volumetric techniques 

Eddy current of welds thicker than 6 millimeters* is potentially sensitive to defects in 
welds in smooth-surfaced materials. Eddy current as a backup method for ultrasonic exists 
since the potential sensitivity to detect cracks is better than the alternatives (see Table 1). 
Eddy current of such complex materials (complex from the eddy current point of view) 
requires the use of multiple frequencies combined with complex signal processing to remove 
the effects of variation in conductivity and magnetic properties. 

The use of eddy current would likely require the weld outer surface to be relatively 
smoother than ultrasonic methods require. The crack-like defect sensitivity is approximately 
10% and this could also be a problem if a should be smaller than this value. Eddy current is 
a backup method for this application and will be pursued in concert with the surface 
inspection described in Section 4.2.2. 

4.1.2.3 Electromagnetic acoustic transducers 

The use of Electromagnetic Acoustic Transducers or EMATs is attractive since no paste or 
liquid couplant is required. The technology is currently well developed and EMATs have 
been used for a variety of applications. However, their use in highly lossy materials like 

Eddy current may be used Tor volumetric inspection of austcnilics and non-rcrrous alloys under ihc ASME 
Hoilcrand Pressure Vessel Code if the thickness is less ihan 6.5 millimeters. 
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austenitic stainless steel and copper based welds is difficult because their efficiency is very 
poor in comparison to conventional transducers. The difference in efficiency is generally 
greater than a factor of 10. This large penalty represents a significant risk because the weld 
zones require high intensity sound for penetration and because EMATs with the required 
bandwidth and focal depth have not yet been demonstrated. The high radiation resistance of 
EMATs is not a significant advantage since conventional transducers have been operated 
successfully in close proximiiy to spent fuel in light water reactors. The actual weld material 
selected will influence the potential applicability of this method since methods of focusing 
are theoretically possible and materials with a high conductivity improve the efficiency of 
this method. The removal of surface weld crowns or similar discontinuities on the surface 
would be required to apply this method. 

4.1.2.4 Laser generated ultrasound 

The use of laser-generated and laser-received sound is attractive since it has high 
bandwidth and better sensitivity than EMATs, although still less than conventional 
transducers. This method has barely emerged from die research stage and is not yet a 
commercial venture. The use of remote lasers requires the use of optical fibers that can 
darken in a radiation field. A number of difficult problems would need to be researched 
before 'his method could be used successfully on the container closure. Hence, laser is an 
interesting method with potential if research into its use by others is successful. 

The use of focused beams with laser generation and detection has not been demonstrated 
but is possible with phased array |23] technology. A proposed laser system is shown in 
Fig. 18. This system uses several undemonstrated innovations. One is the use of a fiber 
optical array to transmit and receive the sound and the other is the use of coaxial 
interferometry to use this same array to receive the sound. Both innovations are of 
conjectural performance, placing this method in a more speculative category than EMATs. 
The fibers would also be subject to radiation darkening, and although low darkening fibers 
have been developed, this could be a factor in the high radiation environment near the 
container. 
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Figure 18. A laser ultrasound phased array. The interferometer and pulsed laser 
optical system (upper portion of the figure) must be duplicated for each fiber. 

4 .1 .2 ,5 X-rav radiography 

The high radiation levels of the container make x-ray radiography an unlikely candidate 
for container closure NDE. The likely sensitivity to crack-like defects is poor. X-ray 
methods will not be pursued in this activity. 

4.1.2.6 Other methods 

The use of air in the form of a gas that transmits sound is very attractive but also presents 
some problems. The only method for making magic gas is to pressurize argon to 20 
atmospheres. The gas transmits sound well at this pressure, but a very low acoustic 
impedance prevents the sound from entering the high impedance metal of the container. This 
effect, combined with the high pressure required, makes this method less attractive; 
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however, the potential for use of helium at moderate pressure exists. Gas coupling 
developments will be monitored for potential use in closure NDE. 

4.2 Surface Flaw Detection 

4.2.1 Liquid penetrants 

The use of liquid penetrants is well established for the remote inspection of welds [8). 
This method is messy (various liquids must be applied and removed) and requires a 
complex system for remote application and interpretation. This method has been selected as 
a primary inspection method because h can be applied with minimum preparation to as-
welded surfaces. 

This method will require that the closure area be extensively cleaned after application since 
there is no way to assure that the penetrant and its associated chemicals are benign in the 
emplacement environment. Small flaws (the exact size is dependent on the alloy, penetrant 
procedure, and penetrant materials) will escape rejection by this method and by ultrasonics, 
Hence, removal methods must be able to remove these residual penetrant materials both 
from the surface and from any flaws that might be present but escape rejection. Because 
the time period that the container will be subjected to any residual penetrant chemicals is 
very long, a test of complete removal is required. 

Penetrant application, therefore, requires the development of remote application and 
interpretation methods and methods for clsaning and testing cleanliness for closure NDE. 
These activities will be pursued in the NDE activity. 

4.2.2 Eddv current 

A chance exists that the outside surface of the weld will be machined smooth to enhance 
both volumetric and surface inspection. The ......t: of eddy current methods is well established 
for surface examination for austenitics, high-nickel alloys and copper alloys and can at least 
duplicate the sensitivity of liquid penetrants but without the need for the liquid chemical 
penetrants [7|. This option allows combination of the ultrasonic and surface inspection 
methods since the eddy current coils can be added to the ultrasonic search unit and the scan 
pattern adapted to both. Elimination of the penetrant application, cleaning, developer, and 
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recleaning steps of liquid penetrants seems worthwhile if an adequate surface can be 
achieved within the other constrainis of the closure method. 

As a surface method, the problems associated with volumetric eddy current inspection 
can be eliminated by concentrating the eddy uim-ni in the surface of the material This 
allows the 10% sensitivity of the volumetric technique (Table 1) to be much smaller since 
the depth the eddy current penetrates can be selected. The depth is controlled by raising the 
frequency to lower the penetration, and if the depth is only 10% of the container wall 
thickness, then the eddy current method is 1% sensitive on a through wall basis. 

Effort on this method will depend on the closure method, on the container material, and 
on the outer surface finish. 

4.2.3 Surface acoustic waves 

The generation of a surface wave at the first critical angle can be used to detect cracks with 
sensitivity equal to dye penetrants. This also requires a smooth surface. Since the ultrasonic 
volumetric and SAW inspection can be combined which is potentially advantageous. 
Another potential advantage is that SAW is relatively immune to conductivity and material 
variations in the container (eddy current can be sensitive to these effects). SAW is a backup 
method because it is relatively slow. This method requires a smooth surface finish; 
therefore, its use will require a smooth outer surface. 

5.0 FUTURE DEVELOPMENT 

The following describes proposed development and testing activities to be carried out in 
support of Container Closure NDli Process Development. The activities arc of two classes: 
those that can be done independently of other tasks and applied to whichever materials and 
closure processes are selected, and those that must he done in concert with materials 
selection and weld process development. 
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Table 3. Independent and Dependent NDE Activities 

Independent Activities Section 
Large depth of field lens 
Coupling methods 

Dependant Acrivities 

5.1 
5.2 

.Section 
Hawed c losures 5.3 
Remote system design 5.4 
Radiation resistant components 5.5 
Remote system design 5.6 
Artificial intelligence and data acquisition 5.7 
Equipment Calibration 5.8 
Quality Assurance 5.9 

5.1 Large Depth of Field Lens 

Large depth of field lenses will benefit any closure method and can be pursued 
independently of other activities. Improvements in the ultrasonic depth of field are also 
possible and will be pursued. Such improvements include doubling the depth of field and 
using large transducers to penetrate more lossy material. These improvements will benefit all 
materials and closure methods. 

5.2 Coupling Methods 

Since coupling fluids are an inconvenience, this area focuses on reducing their impact or 
eliminating them. Two coupling methods are defined with various advantages and 
disadvantages; they are the bubbler and the clamshell, and they are described in the 
following sections. 

5.2.1 Buhhler 

The use of shoes, squirters, and bubblers is well established for remote inspection. The 
shoe technique, which is popular for nuclear piping weld inspection, is shown in Fig. 19. 
This method requires the use of a paste-type couplant on the container surface. The main 
objection to this method is the potential for contamination. These materials have been used 
extensively on austenitics and contain trace amounts of low melting point elements, 
halogens, and sulfur compounds. Still, the long lifetime of the joint argues for caution in 
applying any material that cannot be easily removed or that might leave a residue. These 
materials are easily removed with water; but if water is acceptable, the use of other methods 
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might be more attractive. Another potential difficulty is degradation of the paste in the high 
radiation field that might make the pastes more difficult to remove. 

Container wall 

Sound beams 

Shoes 

Receiver 

Rem; 
Syster 

Figure 19. Inspection with a pair of shoes. Note the difficulty of using two 
transducers because the shoes cannot ride over the weld crown. 

The use of squirters is based on using a water column to guide the ultrasound into the 
part. For the focused inspection proposed here, this method is not suitable. Modifying the 
squirter to be suitable results in a bubbler, which is illustrated in Fig. 20. The babbler has 
several advantages over the shoe; a paste is not required, which reduces the potential for 
radiation damage since fewer organic-based materials would be used in a bubbler. 

The need to seal the interface between the bubbler and the container is generally achieved 
with an elastomer; therefore, a potential area for radiation damage exists but is clearly less 
than that of a plastic shoe. An additional potential difficulty exists since the bubbler must 
seal on the weld and the weld might be irregular. This difficulty can be solved either by 
machining the weld crown smooth or by using a more compliant (and more radiation 
sensitive) elastomer membrane. It should be mentioned thai a bubbler will leak and water 
will need to be managed so as not to present problems for other parts of the system. A 
leading difficulty is that the water could be contaminated and would need to be discarded. If 
the closure is leak-tested first, managing the water should rail present a major problem but 
will require careful engineering. The bubbler might also present flow-induced noise 
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problems since the couplant flow frequently has to be very fast to compensate for leaks; this 
can distort the ultrasonic beam and influence the test |24|. 

5.2.2 Clamshell 

An innovative method to allow inspection without the need for elastomers is illustrated in 
Fig. 21. The use of a clamshell ring to hold a tank of water around the container has some 
advantages. Because flow rates to maintain the couplant in a clamshell arc less than those in 
a bubbler, turbulence is less likely to be a problem. Another advantage is that the transducer 
array can occupy a larger volume, and the clamshell can accomodate a larger volume of 
transducers and the water they require. The water in the clamshell does not move; therefore, 
its volume and weight can be much larger than a bubbler without slowing the speed of 
ultrasonic system (because the bubbler must be moved with the transducer). This method is 
clearly more complex to set-up since the clamshell weighs more and would take longer to 
position than a bubbler. This method is currently the preferred method because it allows use 
of the planned inspection method with little risk of ultrasonic difficulties. 
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Figure 20. Inspection with a bubbler. 
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Figure 21. Use of a clamshell to hold the couplant. 
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5 .2 .3 Electromagnetic acoustic transducers 

Electromagnetic Acoustic Transducers (EMAT) do not require a couplant and could allow 
elimination of the couplant altogether. Pursuit of this option is dependent to some extent on 
the alloys selected for the closure and to a lesser extent on the closure method used. Factors 
that limit the use of EMATs include: 

Low conversion efficiency from electrical to mechanical energy and vice versa. This 
factor is very severe in austenitics but not as severe in higher conductivity materials 
such as copper-based alloys. Hence, EMAT development is more attractive for those 
alloys. 

• EMATs have not demonstrated spherical focusing at practical power levels, 
principally because of the above-mentioned inefficiency combined with the relatively 
complex coils required. 

• The use of an eddy current means to send and receive sound in the materials makes 
this method heir to the same problems eddy current experiences, which include 
difficulties with as-welded surfaces and potential variations in conductivity or 
magnetic properties. 

The elimination of the couplant is worthwhile if liquid penetrants are not needed; 
therefore, pursuit of this method is dependent on a smooth surface, which would allow use 
of eddy current or SAW approaches to surface inspection. Under these conditions, EMATs 
could be used to generate both the volumetric inspection and the SAWs for surface 
inspection. Eddy current could also be used with the EMATs for surface inspection. 

5.3 Flawed Closures 

Manufacturing flaws must be developed after material and closure methods have been 
selected. Development closures, which have deliberate or inadvertent flaws, can be used but 
frequently are not available because they either are destroyed for process development 
reasons or are of unknown size and shape. Hence, to allow qualification of the NDE, 
methods of manufacturing realistic flawed closures will be required. 
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Preliminary work shows that realistic crack-like flaws thai arc small enough 10 serve as 
qualification specimens are not easily manufactured in welded Type 304 material. The 
difficulty of manufacturing flaws in Type 304 welds makes it reasonable to assume that 
other closure methods and materials might also present difficulties. 

Since the flaw manufacturing method is difficult to define until the closure method is 
selected, an exact plan cannot be established. If welding is selected, then methods refined 
from the preliminary method described in Section 4.1.1 can be used. Refinements that will 
be necessary in this circumstance include: (1) plating the lands with a neutron absorber to 
allow neutron radiography to define actual flaw size and shape and (2) developing the weld 
technique used to make the defects. Variation in the selected weld process to produce defects 
will also be investigated, but difficulties have been encountered in producing known flaws 
by this method |24]. Realistic flawed samples will be produced by induction of stress 
corrosion cracking and thermal fatigue methods as well 114]. 

5.4 Radiation-Resistant Components 

Radiation-resistant equipment for NDE of the closure is currently available commercially, 
and Htde development in this area is required. Reliable remote systems cannot be achieved 
without careful testing of components. Such testing will be required for the closure NDE 
equipment. More testing might be identified as design of the remote NDE system proceeds. 
Items that will require radiation and temperature testing include: 

• The ultrasonic transducers. 

Remote components that come in close proximity to the container. 

Any seals or membranes used in coupling. 

• Any paste couplant that might be used. 

Electrical motors. 

Encoders and sense switches. 

Drive components that include lubricants or plastics. 
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5.5 Remote System Design 

Remote system design must be coordinated with the repository hot cell and disposal 
container closure system. Special attention will be paid to the ongoing closure process 
development activity to assure that appropriate system interfaces are maintained. A specific 
interface might be required if the selected closure system and NDE system are combined (a 
choice that has not yet been made). The interfaces illustrated in Fig. 22 assume that they 
have been combined. 

Figure 22. Conceptual design of one proposed remote NDE system. 

Figure 22 illustrates two likely interfaces: (1 )the dual use of a container rotator both to 
make the closure and to perform the NDE and (2) the electrical connection to the NDE 
remote inspection system. In the case of only an electrical connection to the NDE system, 
the interface is independent from the closure system but the two systems could coexist in the 
same cell. 
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Some interface areas to be addressed in the case of combined NDE and closure systems 
include: 

• Can the rotator be run conveniently by the NDE system and the closure system and 
with adequate resolution and accuracy for both? 

• Where and how is the NDE remote system mounted in the cell, and how much room, 
weight, and electrical services must be provided? 

• How will the NDE remote system be brought into proximity on the closure, and what 
features are required to make room for it? 

• If couplants and dye penetrants are uied, how are they handled and what handling 
services will be required? 

• What space and facilities are required for the external cell equipment, and what is the 
maximum distance they can be located from the cell? 

• What motion envelopes for the NDE remote system will be needed to avoid potential 
interferences with the other equipment that is in the cell? 

These interfaces will change depending on actual logistics of closure and the details of 
how NDE integrates into the closure process. Some possibilities include: 

• The closure is done in a separate cell from NDE. This would simplify the interfaces 
but would require moving the container between closure and NDE. 

The closure remote system can be integrated with the NDE remote system by using 
different end effectors (the mechanism you put on the end of the remote system to 
effect some special function such as NDE or welding). This will require a more 
intimate interface between the closure remote system and NDE remote system, which 
must be defined early. This approach has the advantage of allowing intermediate 
inspections of the closure (such as root pass inspection) if it should be desirable. This 
approach may reduce the amount of remote apparatus required. 
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• The couplant migiil not be needed, which would eliminate one interlace and simplify 
some aspects of r mote application. 

Detailed interface specification will be required and will need to be coordinated with the 
closure method development and repository surface facilities design. Many of these interface 
specifications cannot be written until the disposal container material and closure method 
have been selected. 

5.6 Data Acquisition and Artificial Intelligence Systems 

The data acquisition is conventional and will use standard B-scan mode*. This requires 
only that the A-scan da i be acquired by standard digitizing equipment, as shown in Fig. 22. 
Since such equipmenc i. currently available and software is currently in use for data 
acquisition from remote inspection systems, little development will be required to apply this 
technology to the remo z closure NDE. 

Interpretation and signal processing are more complex. Experience has shown that 
considerable expertise . required to interpret ultrasonic examinations. In addition, signal 
processing also req1 sires substantial experience to process the data intelligendy [25]. This 
expertise is currently being incorporated into expert systems that will be used by NDE 
personnel to perform sLnaJ-processing functions. Work is also proceeding in ultrasonic 
signal interpretation, and this work will potentially be useful in closure NDE evaluation. 
This work is not currently part of this activity but will be used as a basis for developing the 
signal processing neede 1 for the prototype demonstration of remote NDE. 

Hence, the closure NDE computer technology will need to be compatible with current 
object-oriented (arrificial intelligence) programming environments to take advantage of these 
developments. This wil allow use of ongoing programs and expert systems as well as 
building systems for closure use. 

5.7 Equipment Calibration 

No development is re |uired to calibrate or qualify the closure NDE system. Once a is 
selected and approprial flawed and unflawed closure samples are created, these processes 

B-scan mode allows easy changes in siynal processing and provides die highest accuracy data recording. 
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are straightforward. However the manufacturing of realistic Hawed closures is not as 
straightforward; therefore, this effort is significant (.see Section 5.3). 

5.8 Quality Assurance 

Quality assurance Level 1 requirements will be imposed. No development is envisioied 
for writing procedures to comply with Nuclear Waste Management Program Quality 
Assurance Program Plan (NWMP QAPP). Standard calibration and qualification procedures 
common to the nuclear industry will be used. 

An estimated 50 procedures will be needed for the development of the NDE methods. The 
actual repository prototype will require 75 to 100 procedures (based on the development 
procedures). Procedure preparation is therefore a significant pan of the NDE development 
activity. Stringent document control is required by the NWMP QAPP; therefore, these 
documents must be prepared, reviewed, approved and revised through established channels. 

6.0 CONCLUSIONS AND RECOMMENDATIONS 

With anticipated closure methods and container materials, ultrasonic and liquid penetrants 
represent the best choices for closure certification. 

If weld crown removal is selected or becomes a requirement, then eddy current surface 
flaw detection and ultrasonic volumetric methods would be an attractive combination. 
Because the eddy current method requires scanning that can be easily accomplished with the 
ultrasonic scanning equipment, this choice would not impact significantly on development 
or design of the remote equipment for the closure certification task. Eddy current would 
require more development for a given alloy than would liquid penetrants. 

The potential difficulties of applying ultrasonic testing are the uncertainty in the critical 
flaw size, potential anisotropy (from preferred orientation) of the closure microstrucrure, 
and inconvenience associated with the couplant. Ultrasonics can detect interior and surface 
flaws with sensitivities that are definable for Types 304 and 316 austenitic weld alloys 
(assuming that the process is similar to automated welds now employed in nuclear 
construction) but are uncertain with the other candidates because of the lack of experience 
with welding. Uncertainty of flaw sensitivity and reliability also exists for other joining 
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processes because of a lack of verifiable experience with ultrasonic inspection of joints made 
by methods other than fusion welding or closures with other materials. 

6.1 Ultrasonic Methods 

The following items are milestone goals of the Container Closure Nondestructive 
EvaiuasiontNDEl Process Development, activity. 

• Perfect a means of making flaws in the selected closure method such that the flaws 
are representative and L ^ size of the flaws can be characterized Produce a selection 
of flawed and unflawed closures adequate to allow qualifying both ultrasonic and 
surface methods 10 the ?0^c POD specified in Goals (Section 2.3). 

• Design, build, and test a radiation-resistant, large depth-of-field lens for closure 
ultrasonic examination. Tests must determine both the mean time between replacement 
and the inherent drift under repository conditions to meet reasonable maintenance 
requirements. 

• Characterize die ultrasonic properties of the selected closure material and closure 
method once sub scale parts have been supplied by the other process development 
activities. 

Select a coupling method after 

Designing and testing bub aler-based inspection in appropriate mock-up to test its 
ability to meet performance requirements and to resist probable radiation damage. 

Designing and testing clam>hell coupling in an appropriate mock-up to test its 
ability to meet reasonable installation requirements and its leak potential. 

Testing EMAT performance, if copper alloys are selected, by designing and 
building a prototype system, and testing ultrasonic performance against the 
critical flaw size determined for the closure. 
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Design a full-scale prototype remote system in concert with the closure fabrication 
process development activities and wiih remote cell logistics. 

• Demonstrate a prototype NDE system of a model final closure under simulated 
repository conditions. 

Build a full-scale prototype and demonstrate NDE of final container closures at the 
repository. 

6.2 Surface Methods 

The use of dye penetrants does not represent a performance or remote application problem 
but does represent a potential contamination problem since the chemicals must be completely 
removed. Hence, some additional work would be desirable if the outer surface of the 
closure can be made smooth enough. These activities are: 

• Designing and testing an eddy current surface method. 

Designing and testing a surface wave method. 

Both these activities require a relatively smooth surface and are dependent on the material 
and closure method used for the waste container. 

Additional exploration of ability of cleaning to effectively remove all penetrant residue will 
be required if the closure choice does not lend itself to one of the above methods. This study 
is dependent c i the closure method and material as well as the critical flaw size. The reason 
the flaw size is .mportant is that the study must be able to determine that residual penetrant 
materials are adequately removed from the flaws that might remain on the container surface. 
The surface finish and oxides will also be important to cleaning and therefore must also be 
defined. 

The activities necessary to certify cleaning techniques are: 

Establish realistic control coupons containing crack-like (laws and appropriate surface 
conditions for the closure material and method selected. 
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Dye-penetrant inspect these coupons with appropriate selections of penetrants and 
developers. Several types are potentially useful. 

Irradiate some samples to model the hot cell environment after penetrant and after 
developer application. 

• Use appropriate surface chemistry techniques to determine potential residual 
chemicals from the cleaning process for each type of penetrant. 

• Write procedures and specifications for the remote system to assure complete removal 
of penetrant chemicals in a hot cell environment 

Design and build a model of the remote penetrant system that is prototypical of real 
performance of a hot cell system. 

6.3 Research Areas 

The following areas should be monitored for possible use in closure NDE process 
development. Attention will be focused on the current literature and to programs at other 
institutions and at Lawrence Livermore National Laboratory that are potentially useful to the 
NDE activity. These areas are not required to NDE methods development but have potential 
to reduce cost, eliminate potential contamination, or improve the reliability of the remote 
NDE system. 

• New developments in laser-generated and laser-received ultrasound. 

Developments in EMAT technology. 

Gas coupled ultrasound. 
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Appendix 
The Ultrasonic Test Bed 

The Ultrasonic Test Bed (UTB) is u 14-axis robot with two transducers capable of 
curvilinear motion especially suited to ultrasonic testing (Fig. 23). This allows two 
transducers to be manipulated arbitrarily with respect to each other within a limited 
cylindrical volume. One application for this robotic scanner is diffraction studies of 
scattering from materials and flaws. 

The UTB is intended to allow developing complex ultrasonic methods without building 
complex robots [14]. It is also designed to allow scattered and diffracted ultrasonic fields to 
be easily measured. These two features make the UTB ideally suited to developing an 
ultrasonic method for the closure of the waste container. 

Some of the UTB's unique capabilities: 

• Simultaneous movement of the 14 axes. 

Collection of A, B and C-scan data while moving multiple axes. 

Coordinated movement of both transducer manipulators while obtaining A, B, or C-
scan data. 

Access to existing signal-processing codes on the NDE VAX Cluster SAFT and 
others. Together these comprise approximately 100 image-processing and 50 time 
domain image-processing codes providing a rich environment for developing 
ultrasonic signal-processing codes. 

Ability to move both transducers allows modeling multi-transducer tests by placing 
multiple transducer arrays in each manipulator. Using pairs to simulate the movement 
of each pair of a more complex array is also possible. The movement of more than 
two transducers is currently regarded as the most complex method being considered 
for closure inspection and simpler movement is desired. 
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Figure 23. Motions of the ultrasonic test bed. 

The UTB is not intended to be a model of a remote inspection system for the container 
closure examination but a means to define ultrasonic performance prior to building the 
closure inspection system. This role is specifically intended to reduce the complexity of the 
system that must be built to perform closure ultrasonic inspection. The tacit assumption that 
closure examination will not require a 14-axis system seems reasonable in light of the 
existing remote ultrasonic technology and the need for a reliable low-maintenance closure 
NDE system. 
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