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INTRODUCTION

Nondestructive evaluation (NDE) is a suite of techniques that allows visualization of the

external and internal structures of an object without damaging it.  For example, a very common

NDE technique that most people have experienced is the use of dental x-rays for cavity detection.

NDE plays an even larger role in nonmedical applications.  It is being integrated into the entire

product life cycle (Figure 1).

Traditionally, NDE has been viewed only as an end-product inspection tool.  The

traditional view does not take advantage of the full economic benefit that NDE provides.  NDE can

ensure/improve safety, shorten the time between product conception and production, and help

reduce waste.  Examples include new material and process development; raw materials acceptance;

process monitoring and control; finished product and in-service inspection; and retirement for

cause, disposal, and reuse (Goebbels, 1994).  Therefore, NDE is increasingly being used

throughout the life-cycle management of products (Cordell, 1997).1,2,3  Presented here is an

overview of some NDE methods and life-cycle applications of NDE.

OVERVIEW OF NDE METHODS

NDE draws on the expertise of a multidisciplinary team and a broad range of technologies.

The Lawrence Livermore National Laboratory's (LLNL) NDE organization is an example of such a

multidisciplinary team.  LLNL has a team that consists of mechanical and electrical engineers,

material and computer scientists, physicists, and chemists.  The broad range of technologies used

at LLNL includes electromagnetic (e.g., visual, x-ray radiation, infrared, microwave) and acoustic

(e.g., ultrasonics and acoustic emission) measurements.4  The research, development, and

application of these technologies require experimental, theoretical, modeling, and signal and image

processing capabilities.  NDE is successful when all of these technologies and disciplines are

integrated while working closely with the customer to determine the most appropriate technique(s).

NDE techniques have a core of common components: a source (radiant energy); a detector

to acquire transmitted or scatter radiation from the object; a manipulator/stage to translate, elevate,

and/or rotate the object or source/detector synchronously; and a computer for control, data

acquisition, processing, and analysis (Figure 2).  A broad range of sources, detectors,

manipulators, and computers have been used in NDE.  Figure 3 provides some examples of the
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different electromagnetic sources used in NDE at LLNL.  The next section briefly describes some

NDE technologies under research and development at LLNL (see note 4).

Visual Inspection

Visual inspection is probably the oldest NDE technique.  However, coupling cameras with

computers and image processing greatly enhances the NDE application of visual inspection.

Innovative lighting schemes provide high-contrast images allowing inspections never before

possible with simple camera systems.5,6  Techniques range from common high-speed and time-

lapse photography streak cameras to miniature cameras and fiber-optic-based systems for access to

restrictive or hazardous environments (McGarry, 1997).  Surface finish, cleanliness verification,

presence or absence of specific features, and dimensional measurements are typical NDE tasks

performed by visible light systems (Mascio et al., 1997).  Traditionally, these measurements

required careful orientation of the object to avoid perspective effects.  Recent stereo image

processing techniques have removed the necessity of having precise part alignment (Nurre, 1996).

In addition, stereo techniques are leading to reverse engineering and art-to-part applications where

computer-aided design drawings can be realized directly from a scanned image of a part (Levoy,

1997).  In this report I do not provide any visible light NDE examples but refer the reader to the

above and other references7 (see also notes 5 and 6).

X- and Gamma-Ray Imaging

X- and gamma-ray imaging techniques in NDE and nondestructive assay (NDA) have seen

increasing use in an array of industrial, environmental, military, and medical applications8 (see also

notes 1, 2, and 3).  Much of this growth in recent years is attributed to the rapid development of

computed tomography (CT).  First used in the 1970s as a medical diagnostic tool, CT was adapted

to industrial and other nonmedical purposes in the mid-1980s.   Single-view (or angle) radiography

hides crucial information—that is, the overlapping of object features obscures parts of an object’s

features and the depth of those features is unknown.  CT was developed to retrieve three-

dimensional (3D) information of an obscured object’s features.  To make a CT measurement,

several radiographic images (or projections) of an object are acquired at different angles, and the

information collected by the detector is processed in a computer (Azevedo, 1991; Barrett and

Swindell, 1981; Herman, 1980; Kak and Slaney, 1987).  The final 3D image, generated by

mathematically combining the radiographic images, provides the exact locations and dimensions of

external and internal features of the object.  Two examples of CT are presented here; one is for

improved implant design, the other for radioactive waste management.
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Ultrasonic Testing

Ultrasonic NDE interrogates components with acoustic energy and can be used to

determine material properties, wall thickness, and internal defects (Krautkrämer and Krautkrämer,

1990).  High-frequency (~1 MHz) pulses of ultrasonic energy are radiated into the material and

subsequently detected using specially designed transducers.  The sound pulses are altered as they

travel into and through the material as a result of attenuation, reflection, and scattering.  The output

pulse—the detected signal—is displayed, processed, and interpreted in terms of the internal

structure of the object under investigation and based on its relation to the input pulse.  Most often,

ultrasonics is applied to detect thickness and to search for flaws in metals—namely, cracks and

voids (see notes 1 and 2).  However, ultrasonics can also be used to ascertain grain size, measure

residual stress and elastic moduli, evaluate bond quality (e.g., solid-state, adhesive), and analyze

surface characteristics (Krautkrämer and Krautkrämer, 1990; see also notes 1 and 2).  Whenever

the configuration of the object under test permits, a 2-D or 3-D image of the interior of the object

can be made with reflections of the sound.  An example of the use of ultrasonic testing for

understanding material properties in the aging of composites is presented below.

Infrared Imaging

Infrared (IR) imaging is a global area inspection technique used for thermal NDE.  IR

imaging measures temperature and temperature differences to detect debonding, delamination,

cracks, residual stress, metal thickness loss from corrosion, and other conditions that impact heat

flow (see notes 1 and 2).  Damaged materials heat and cool differently than do undamaged ones.

Infrared images of flash-heated materials and structures produce temperature maps at video frame

rates.  Time-sequenced temperature maps are processed with computer codes developed at LLNL

to reveal 3D images of flaw location, size, shape, thickness, relative depth, and percentage of metal

loss for corrosion-damaged materials (Del Grande, 1996).

The dual-band infrared (DBIR) technique, developed at LLNL, is used for high-sensitivity

temperature mapping to evaluate the quality of subsurface materials and structures.  Concurrent use

of two thermal IR bands allows separation of thermal and nonthermal IR signal components.

Spatially dependent surface emissivity noise is subtracted from IR images, thereby decoupling

temperature from emissivity effects.  The DBIR method has been highly successful in isolating the

effects of corrosion damage from those of clutter produced by IR reflectance anomalies, corrosion

inhibitors, ripples, and interior insulation (Del Grande, 1996; Del Grande et al., 1997).  An

example for in-service inspection of aging aircraft is presented below.
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Signal and Image Processing

Imaging technology and image analysis are integral parts of NDE (Russ, 1995).  In the past

several years the NDE organization at LLNL has assembled and developed tools that couple image

processing with computational NDE algorithms (see note 4).  LLNL uses Matlab, Explorer, IDL,

VIEW, and VISU (the latter two are LLNL-developed image processing codes) as tools for

connecting state-of-the-art computational NDE with a wide variety of signal and image processing

functions.  The focus areas include edge detection and image enhancement for digitized

radiographs; noise reduction from electronic and radiation sources; focused wave mode

calculations for ultrasonic inspections; in-depth examinations of image reconstruction techniques

including modeling of radiographic imaging (Martz et al., 1997b); novel applications of image

processing to IR imaging (Del Grande et al., 1995); and statistical studies of different NDE

algorithms (Azevedo, 1991).

LIFE CYCLE APPLICATIONS OF NDE

This section provides several examples of how different NDE technologies are applied

throughout the life cycle of different products.

Material Development for Durability of Composite Materials

For many carbon composite materials, particularly in aerospace applications, durability is a

critical design parameter.  Development of composites for durability is facilitated by understanding

aging mechanisms.  With a design lifetime of 120,000 hours (13.7 years) and skin temperature at

~180°C, real-time durability studies of candidate materials for high-speed aircraft structures are

time-consuming and very expensive.  Test programs are being developed so that long-term aging

can be accelerated and the design of composite materials can occur in a reasonable period of time

and at lower costs.  For example, two methods used to accelerate aging of composites are elevating

temperatures and varying chemical compositions in test environments.

Ultrasonic NDE is currently being used to aid in the characterization of fiber composite

materials for high-speed aircraft structures (Chinn et al., 1997).  Using ultrasonic attenuation,

LLNL has characterized a series of fiber polymer composites aged under different temperatures,

times, and chemical environments.*  Figure 4 shows the results of one type of fiber composite

aged under different temperatures.  The ultrasonic images show the deterioration of the sample

aged at 180°C and up to 8,000 hours.  The data reveal that damage at 180°C begins after 4,000

hours.  Aging at 200°C causes damage after only 2,000 hours.  Chemical analysis of the same

series of materials confirms the damage trend that ultrasonic attenuation measurements suggest.

                                                
* This work is being performed under a cooperative research and development agreement with Boeing.
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A comparison of accelerated aging to real-time aging is shown in Figure 5.  The attenuation

history of a sample aged for 2,500 hours in argon at 220°C is very similar to that of a sample aged

for 20,000 hours in air at 180°C.  These results appear very promising for ultrasonic testing to be

used as a tool in the further development of aircraft composite materials.

In future work, LLNL will determine and better understand the correlation of ultrasonic

attenuation data and the mechanical properties of fiber composite materials.  These studies,

combined with destructive mechanical testing, and microstructural and chemical analyses, will

improve our understanding of composite durability as a function of the aging process.

Improved Prosthetic Implant Design

Human joints are commonly replaced in cases of damage from traumatic injury, rheumatoid

diseases, or osteoarthritis.  Frequently, prosthetic joint implants fail and must be surgically

replaced by a procedure that is far more costly and carries a higher mortality rate than the original

surgery.  Poor understanding of the loading applied to the implant leads to inadequate designs and

ultimately to failure of the prosthetic.9

LLNL's approach to prosthetic joint design offers an opportunity to evaluate and improve

joints before they are manufactured or surgically implanted. The modeling process begins with

computed tomography data, which are used to develop human joint models (see Figure 6).  An

accurate surface description is critical to the validity of the model (Bossart and Martz, 1996).  The

marching cubes algorithm (Johansson and Bossart, 1997) is used to create polygonal surfaces that

describe the 3D geometry of the structures identified in the scans.  Each surface is converted into a

3D finite element mesh that captures its geometry (Figure 6).  Boundary conditions determine

initial joint angles and ligament tensions as well as joint loads.  Finite element meshes are

combined with boundary conditions and material models.  The analysis consists of a series of

computer simulations of human joint and prosthetic joint behavior.  The simulations provide

qualitative data in the form of scientific visualization and quantitative results such as kinematics and

stress-level calculations.  These calculations predict possible failure modes of the implant after it is

inserted into the body.

Results from the finite element analysis are used to predict failure and to provide

suggestions for improving the design. Multiple iterations of this process allow the implant designer

to use analysis results to incrementally refine the model and improve the overall design. Once an

implant design is agreed on, a prototype is made using computer-aided manufacturing techniques.

The resulting implant can then be laboratory tested and put into clinical trials (Hollerbach and

Hollister, 1996).

Three failure modes are prevalent:  kinematic, material, and bone-implant interface.

Currently, LLNL is analyzing human joint models to determine the in vivo loading conditions of
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implants used in normal life and implant components as they interact with each other.  Future

research will combine the human and implant models into a single model to analyze bone-implant

interface stresses, thereby addressing the third common implant failure mode.

In-Service Inspection of Aging Aircraft

Detection and quantitative evaluation of hidden corrosion have been of major importance to

the Federal Aviation Administration (FAA) since the famous Aloha Air accident in which an older

Boeing 737 lost a large portion of its fuselage skin in midair.  Moreover, the U.S. Air Force

(USAF) needs to extend the useful life of its existing military aircraft.  Much of the problem

associated with life extension is the destructive nature of undetected corrosion.  Also, with reduced

budgets, the USAF does not want to spend time or manpower repairing corrosion that has not

reached a dangerous level or that in reality does not exist. A number of NDE methods have been

tested on aircraft structures that contain hidden corrosion10 (see also note 7).  They all show

promise but so far none has proved to solve this problem.

LLNL, sponsored by the FAA, developed and demonstrated a dual-band infrared (DBIR)

imaging thermography technique for corrosion detection.  This technique combines a commercial

dual-band IR system* with LLNL-developed smart defect-recognition algorithms.  The DBIR

technique was used to demonstrate results for corrosion loss in aircraft.

At LLNL we have obtained results that agree qualitatively with eddy current measurements

taken by Boeing scientists (Del Grande et al., 1997).  We detected, imaged, and quantified 5

percent (0.003-inch) corrosion metal thickness loss in the outer skin of a Boeing 727 fuselage.

The accuracy of these results will be verified after dismantlement of this section of the aircraft by

Boeing.

We also measured less than 10 percent skin thickness loss in a United Airlines 747 lap-

splice structure scheduled for repair.  This was confirmed by destructive exploratory maintenance

prior to the repair.  In addition to the commercial aircraft inspection activities, we measured the

relative metal volume losses due to corrosion under 13 wing fasteners in a Tinker Air Force Base

KC-135 wing panel (see Figure 7).  Application of the smart defect-recognition algorithms with the

IR imager was highly successful in isolating the effects of corrosion damage from clutter to

eliminate false positives (or alarms) (Del Grande, 1996).

Our current research focus is on improving the depth resolution of IR tomography down to

20 to 40 micrometers, two orders of magnitude better than existing systems.  This would greatly

facilitate interpretation of DBIR temperature, thermal inertia, and heat capacity maps that detect,

image, and quantify aircraft corrosion with few or no false alarms.

                                                
* A portion of this work is performed under  a Cooperative Research and Development Agreement with Bales Scientific Inc.,
(BSI), Walnut Creek, CA, in which we adapted LLNL algorithms for their DBIR scanner and thermal image processor.
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GAMMA-RAY NONDESTRUCTIVE ASSAY FOR WASTE MANAGEMENT

Before drums of radioactive or mixed (radioactive and hazardous) waste can be properly

stored or disposed of, the contents must be known.  Hazardous and “nonconforming” materials

(such as free liquids and pressurized containers) must be identified, and radioactive sources and

strengths must be determined.  Opening drums for examination is expensive mainly because of the

safety precautions that must be taken.  Current nondestructive methods of characterizing waste in

sealed drums are often inaccurate and cannot identify nonconforming materials.11  Additional NDE

and NDA techniques are being developed at LLNL (Decman et al., 1996; Roberson et al., 1995a)

and elsewhere (see note 11) to analyze closed waste drums accurately and quantitatively.

At LLNL we have developed two systems to characterize waste drums. One system uses

real-time radiography and CT to nondestructively inspect waste drums (Roberson et al., 1995a).

The other uses active and passive computed tomography (A&PCT), a comprehensive and accurate

gamma-ray NDA method that can identify all detectable radioisotopes present in a container and

measure their activity (Decman et al., 1996).  A&PCT may be the only technology that can certify

when radioactive or mixed wastes are below the transuranic (TRU) waste threshold, determine if

they meet regulations for low-level waste, and quantify TRU wastes for final disposal.  Projected

minimum-detectable concentrations are expected to be lower than those obtainable with a

segmented gamma-ray scanner, one method currently used by the U.S. Department of Energy.

Several tests have been made of A&PCT technology on 55-gallon TRU waste drums at

LLNL (see Figure 8), Rocky Flats Environmental Technology Site (RFETS), and Idaho National

Engineering Laboratory (INEL).*  These drums contained smaller containers with solidified

chemical wastes and low-density combustible matrices at LLNL and RFETS, respectively.  At

INEL lead-lined drums were characterized with combustibles and a very dense sludge drum.  In all

cases the plutonium radioactivity of the drums ranged from 1 to 70 grams.  At LLNL we are

measuring the performance of  the A&PCT system using controlled experiments of well-known

mock-waste drums (Camp et al., 1994; Decman et al., 1996).  Results show that the A&PCT

technology can determine radioactivity with an accuracy of approximately 30 percent and a

precision to better than 5 percent (Martz et al., 1997a).

Perhaps the most important future development for this technology is to improve the

system's throughput.  The current throughput requires about 1 to 2 days per drum using a single

detector-based scanner.  At LLNL we have designs for upgrading this scanner to multiple detectors

for throughputs estimated to be on the order of a few hours per drum (Roberson et al., 1997).

                                                
* Some of these tests were performed in collaboration with BioImaging Research Inc., of Lincolnshire, Illinois, under a
Work for Others Agreement.  A mobile waste inspection tomography (WIT) trailer was used to acquire this data.  The WIT
trailer is described in Bernardi and Martz, 1995.



8

Additional research and development efforts include improving the accuracy of the system and

developing self-absorption correction methods.

SUMMARY

This paper provides an overview of some common NDE methods and several examples for

the use of different NDE techniques throughout the life cycle of a product.  NDE techniques are

being used to help determine material properties, design new implants, extend the service life of

aircraft, and help dispose of radioactive waste in a safe manner.  It is the opinion of this author and

others that the NDE community needs to work more closely with end users in the life cycle of a

product to better incorporate NDE techniques.  The NDE community needs to highlight the

importance of NDE in the entire life-cycle process of a product by showing real costs savings to

the manufacturing community.

FUTURE WORK

All NDE techniques have limitations.  Some techniques are limited by physical constraints,

while some can be overcome by developing new NDE system components.  Examples include

brighter sources, higher spatial and contrast resolution and more efficient detectors, higher-

precision manipulators/stages, better image reconstruction, and signal and image processing

algorithms with faster computers.
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Calif.

8 For medical imaging applications, see papers in Proceedings from the 1997 SPIE Medical Imaging Conference:

Image Processing, Feb. 25-28, 1997, Newport Beach, Calif.;  Proceedings from the 1997 SPIE Medical Imaging

Conference: Physics of Medical Imaging, Feb. 23-25, 1997, San Jose, Calif.;  Proceedings of the IEEE Nuclear

Science Symposium and Medical Imaging Conference, Nov. 3-9, 1996, Anaheim, Calif.

9 For further information, see papers by J. Fouke, F. Guilak, M. C. H. van der Meulen, and A. A. Edidin in the

Biomechanics section of this book.

10 The First Joint DOD/FAA/NASA Conference on Aging Aircraft, July 8-10, 1997, Ogden, Utah.
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11 For further information, see papers in Proceedings of the 5th Nondestructive Assay and Nondestructive

Examination Waste Characterization Conference, Salt Lake City, Utah, January 14-16, 1997; Proceedings of the 4th

Nondestructive Assay and Nondestructive Examination Waste Characterization Conference, Salt Lake City, Utah,

October 24-26, 1995.
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FIGURE 1   Nondestructive evaluation's role in the life cycle of a product.
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FIGURE 2   Schematic of a typical NDE system configuration.
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FIGURE 3   Electromagnetic spectrum showing the range of frequencies used in
nondestructive evaluation at the Lawrence Livermore National Laboratory.  MIR is
micropower impulse radar.  Source:  Reprinted with permission from Lawrence Livermore
National Laboratory (Mast and Azevedo, 1996).
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FIGURE 4   The 5260/G40–800 composite samples are aged to 8,000 hours.  (A) C-scan
images of samples aged at 180°C show postcuring up to 4,000 hours and extensive damage
at 8,000 hours.  (B) Ultrasonic attenuation of the sample increases with time and
temperature.  Source:  Reprinted with permission from Plenum Press (Chinn et al., 1997).
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FIGURE 5   Real-time aged samples of KIII-B/IM7 composites exhibit ultrasonic
attenuation characteristics over time as samples aged in an accelerated program.  Shaded
lines indicate estimated behavior of time periods where data are not yet available.
Accelerated aging correctly predicts initial drop in attenuation caused by postcuring in the
real-time aged sample.  Source:  Reprinted with permission from Plenum Press (Chinn et
al., 1997).
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(a) Segmentation of CT scan (b) 3-D surfaces

(c) Finite element meshes (d) Analysis results

FIGURE 6   The process of biomechanical model development begins with a CT scan of human
joints.  Data are identified from the scan using a semiautomated segmentation process, shown here
applied to the bones in the fingers (a), and three-dimensional surfaces are created for each
identified tissue (b).  The surfaces are prepared for finite element modeling in a volumetric meshing
step (c).  The finite element results show soft tissue deformations and stresses in the index finger
ligaments and tendons (d).
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       (a)  

(b)      
                    1x                     16x                     4x

FIGURE 7   Results of infrared imaging of a military aircraft (KC-135) corroded wing
fasteners.  Contour maps of processed thermal data quantify the relative metal-loss volume
from intergranular corrosion.  In (a) the damage varies under 13 wing-panel fasteners as
shown.  In (b) magnified views of 3 selected fasteners reveals, from left to right, slight,
substantial, and moderate metal loss (corrosion) under the aircraft fasteners.
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FIGURE 8   Representative three-dimensionally rendered CT images of an LLNL
transuranic-waste drum.  (left) High-spatial (2-mm voxels) with no energy resolution x-ray
CT image at 4 MeV reveals the relative attenuation caused by the waste matrix.  (middle)
Low-spatial (50-mm voxels) with high-energy resolution active gamma-ray CT image at 411
keV of the same drum reveals the quantitative attenuation caused by the waste matrix.
(right) Low spatial (50-mm voxels) with high-energy resolution passive CT image at 414
keV reveals the location and distribution of radioactive 239Pu in the drum.  A&PCT was used
to determine that this drum contained 3 g of weapons-grade Pu.  Source:  Reprinted with
permission from Lawrence Livermore National Laboratory (Roberson et al., 1995b).
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