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Kings College, University of London 
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Kings College 
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e. 	Technical Description of Project and Results  

1. 	Introduction 

The initial goal of this cooperative science project was to develop and 

to apply synchrotron x-ray diffraction imaging, microbeam x-ray fluorescence 

mapping and differential absorption microradiography to the study of the spatial 

distribution of impurities in materials. The collaborative experiments were to 

be conducted at Daresbury Laboratory with Dr. D. K. Bowen's group (Department 

of Engineering, University of Warwick, U.K.). Five types of specimens were 

identified for study: porous-sintered samples (microradiography), single crystals 

with composition gradients (diffraction imaging), samples with grain boundary 

segregation (microbeam x-ray fluorescence) coal (microradiography) and porous 

materials for medical implants (microradiography). 

The unavailability of the Daresbury Synchrotron Radiation Source (SRS) 

during much of the period in which the experiments were to be conducted. 
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Installation of the high brightness lattice closed SRS to experimenters from 

October 1986-June 1987. It has also been exceedingly difficult to obtain time 

on the topography wiggler line; use of this line is necessary for most of the 

planned experiments. This has been due, apparently, to a shift in scheduling 

priorities: beam time has been approved for our experiments but little has been 

allocated for this class of experiments. Related to the lack of beam time are 

delays in our collaborator's microbeam fluorescence project: optics development 

for focusing to 10 gm beam diameter has been protracted. 

A second change in the actual research performed was to substitute 

microtomography for microradiography. Microtomography has developed very rapidly 

over the last five years, and its advantages over conventional projection 

radiography are considerable. This, coupled with the fact that our British 

collaborators are leaders in the field of microtomography, dictated the shift 

from microradiography to microtomography. Due to the lack of beam time at 

Daresbury much of the collaborative microtomography has been done using 

laboratory radiation. 

Two of the three techniques have been examined (x-ray absorption and 

topographic EXAFS methods) and two of the five sample types were studied in 

detail (porous composite samples and single crystal specimens). Studies of 

precipitates in coal were abandoned when we learned that other investigators were 

devoting large efforts [1,2]. The microfluorescence and biomaterial 

experiments have not yet been pursued (the former, noted above, because of 

instrumental problems). The following section reviews the techniques, the 

results of which are summarized and discussed in the third section of the report. 
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The fourth section describes the technological and scientific impact of the 

collaborative research. 

2. 	Background 

Microtomography 

In computed tomography and high resolution variants termed microtomography, 

the spatial variation of x-ray absorption in a thin slice or cross-section of 

the sample is recorded for various projection directions or views, the number 

of which depend on the ultimate resolution desired [1]. The different views are 

combined via a reconstruction algorithm, and the two--dimensional map of x-ray 

absorption across the slice is obtained [3,4]. The three-dimensional 

distribution of absorption in the sample is recovered by stacking successive 

slices. This approach is much superior to microradiography where features of 

interest can be obscured if the sample is too thick or if there are too many 

overlapping features. Cracks and their precursors are much more readily detected 

with computed tomography because geometric invisibility is no longer possible 

(geometric invisibility occurs when a crack is viewed from directions other than 

its plane: virtually no contrast is produced because the path length though the 

material is unchanged). 

Spatial resolution has always been a limitation of tomography apparatus. 

Medical units have resolution approaching 0.5 mm in most cases, although a 

specialized industrial unit with 50 gm resolution has been described for samples 

with dimensions on the order of inches [5,6]. Systems using ribbon-like x-ray 

beams (from rotating anode sources) and multiple detector arrays are limited to 
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spatial resolution no better than 25 gm because of the intrinsic dimness of 

conventional x-ray sources. 

Elliott and Dover [7] used the translate-rotate scheme (the specimen is 

translated across a very narrow diameter beam to obtain each absorption profile, 

and then the sample is rotated for the next view), a microfocus x-ray generator 

and a 15 gm diameter collimator to obtain very high resolution microtomographs 

of human femoral bone. Their apparatus is shown schematically in Fig. 1. 

Counting time per slice was about 19 h for a 0.8 x 0.8 mm 2  sample (128 points, 

each counted for 10 s. per projection and 54 projections at 3 1/3° intervals per 

slice), and undersampling ( - 130 projections should have been recorded) blurred 

the image. 

Data acquisition rates can be improved with the LHMC scanner if synchrotron 

radiation is used. Synchrotron radiation is produced when electrons traveling 

at relativistic velocities are deflected by the bending magnets, wigglers or 

undulators of a storage ring. The brightness of synchrotron white radiation is 

at least two orders of magnitude higher than that of characteristic peaks from 

the most powerful laboratory sources [8]. The broad spectrum of synchrotron 

radiation allows selection via monochromators of the most appropriate wavelengths 

for a given specimen; one is not limited to wavelengths of characteristic lines. 

Spatially-broad and well-collimated beams are natural property of synchrotron 

radiation and provide a considerable advantage over conventional x-ray sources. 

Bowen, Elliott, Stock and Dover [9], as part of this cooperative science project, 

used the LHMC apparatus and synchrotron radiation to study human femur bone and 

sintered alumina with 4 and 10 gm diameter collimators, respectively. Counting 

times were 1 s/position (128 positions/profile) for the 2 mm square alumina 
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specimen, and 64 views of the sample were recorded in about 4 h. 

The LLNL and EXXON groups have chosen to use parallel data collection 

[1,2]. The LLNL group uses a fluorescent screen coupled through a lens to a CCD 

(charge coupled device) array and have obtained spatial resolution of about 5 

gm at the Stanford Synchrotron Radiation Laboratory (SSRL) and at the German 

Electron Synchrotron Source (DESY) [1]. A schematic of their apparatus is shown 

in Fig. 2. Many absorption profiles are recorded simultaneously so that the data 

collection rate is orders of magnitude faster. 

Topographic EXAFS  

X-ray diffraction topography uses a nearly parallel beam of x-rays to image 

the diffraction and orientation contrast from crystals or from large grained 

polycrystalline samples. The contrast mechanisms are similar in most respects 

to those in TEM. In white beam topography a pattern of Laue spots is formed. 

each of which is an individual topograph produced by diffraction of a specific 

wavelength and its harmonics. Dispersion from the finite synchrotron source size 

or variations in the crystal's orientation (due to bending) leads to a small 

range of wavelengths being diffraction from different positions of the sample. 

If the specimen is aligned to diffract a range of wavelength encompassing that 

of the absorption edge of an element of the sample, large contrast differences 

can be observed across the specimen [10]. The technique, termed topographic 

EXAFS, appears to be promising for simultaneous assessment of crystalline and 

chemical defects in crystals. It may be able to serve as a survey tool to 

identify specific regions of the crystal for more detailed examination with 

techniques such as microbeam EXAFS. 
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3. Description of Samples Examined and Results Obtained 

Materials  

The materials examined include a commerical alumina refractory, two fiber-

matrix composites and two crystals containing composition gradients. The 

composites studied by microtomography were an aligned-fiber metal matrix 

composite, SiC/A1, and a chopped-fiber ceramic matrix composite, SiC/Si 3N 4 . The 

crystals examined for topographic EXAFS effects were GaAs, which contained a 

variation in stoichiometry from seed to tail, and hematite, which is suspected 

of having a Fe valence change near twin boundaries. Thus, a wide range of sample 

types were evaluated in this program. 

The initial microtomography experiment was on a porous alumina refractory. 

This sample had pores up to two millimeters in diameter and is typical of 

commercially available material. The majority of microtomography, however, was 

on advanced composites where the information obtained would have greater 

scientific and technological impact. 

The addition of SiC or other dispersoids (particles, whiskers or fibers) 

to silicon nitride matrices offers a potential for considerable improvement of 

fracture toughness and strength [11]. Apparently, the strong ceramic fibers can 

prevent catastrophic brittle failure by providing extra energy dissipation during 

crack advance [12]. The silicon nitride matrix/silicon carbide fiber system 

has received considerable attention [12-16] particularly since commercial, 

continuous-polymer derived SiC fibers such as Nicalon provide good chemical 

compatibility and degradation resistance superior to carbon fibers in high 

temperature oxidizing environments. Complete densification of sintered or 

chemical vapor infiltrated (CVI) specimens is frequently impossible, however, 

due to the formation of stable pores in the interior of grains or to the 
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enclosure of pores by growth of the matrix on surrounding fibers. The resulting 

lower density and large number of internal stress concentrators leads to poor 

mechanical properties. If the porosity cannot be eliminated during processing, 

most of the anticipated fracture toughness will be lost. 

Continuous fiber reinforced SiC/A1 MMC are designed for high temperature 

structural applications in the aerospace industry. Composites similar to these 

(but as yet undefined) are envisioned for application in the National Aerospace 

Plane (NASP), the Advanced Tactical Fighter (ATP), manned space stations, etc. 

A major effect on the mechanical properties of MMC's is the damage induced by 

thermal cycling. As the structure undergoes a thermal cycle, the coefficient 

of thermal expansion mismatch between fiber and matrix initiates fatigue damage 

and debonding at the fiber/matrix interface. The damage is very difficult to 

detect experimentally because of crack closure when the externally applied loads 

are removed. The current methods for assessing the damage state are based upon 

stiffness loss [17-19]. They do not, however, provide an adequate indication 

of the location and quantity of damage present. Knowledge of the crack 

initiation and propagation stages, a measure of the total quantity of damage 

present and a descriptive model for damage evolution are required for prediction 

of the remaining life of a structure. 

The advanced composites which were studied with microtomography were random 

fiber SiC/Si 3N 4  CMC and continuous fiber SiC/A2 MMC. The SiC fibers were 15 and 

142 gm in diameter for the CMC and MMC materials, respectively. The CMC was 

studied to establish sensitivity of microtomography to processing defects, and 

the MMC was studied to define damage/crack detectability limits for different 

levels of spatial resolution. 
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The crystals examined for topographic EXAFS effects were GaAs and Fep 3 . 

Variations in valence of the Fe atoms were expected across the crystal as were 

variations in stoichiometry in the GaAs crystal. 	The GaAs crystal was a 

longitudinal slab from a melt-grown crystal. 	Variations in stoichiometry 

produce differences in electrical properties, and it is important to minimize 

these differences in wafers taken from different portions of a boule. Measuring 

these chemical differences and comparing them to changes in electrical properties 

is the first step in evaluating the magnitude of needed improvements in 

composition control during crystal growth. Anomalous contrast was observed near 

twin boundaries in topographs of the Fe 20 3  crystal, and one possible source was 

localized changes in valence of Fe and a corresponding change in the atomic 

scattering factor (201. Our experiments were to test this hypothesis. 

Topographic EXAFS  

These experiments were performed at the Stanford Synchrotron Radiation 

Laboratory (SSRL) because of the Daresbury shutdown and because of Dr. Bowen's 

sabbatical in the U.S. A particular reflection for each sample was chosen to 

minimize the harmonics contained in the topographic image (e.g. h=220 for GaAs) 

and to enhance any topographic EXAFS contrast. The specimen was aligned normal 

to the beam and then rotated so that the reflection of interest was diffracted 

in transmission and at a wavelength near that of the absorption edge (Ga for GaAs 

and Fe for Fe 203 ). Further alignment was accomplished by recording in situ 

transmission Laue patterns: with an incident white beam many diffraction spots 

are formed, each with a different wavelength. 

We attempted to monitor the critical reflection using a Brimrose x-ray 

videocamera system, but the background was too high for the fine structure to 
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be resolved within the spot. We located the edges of both the GaAs and Fe 20 3 

 crystals by exposing a large number of polaroids and observing whether the 

contrast changed after small rotations. Topographs were recorded at wavelengths 

on either side of the absorption edges using the minimum rotation steps of the 

SSRL topography camera. The change in contrast is so gradual that detailed 

numerical image analysis will be required before this experiment can evaluated. 

The image analysis will be conducted by the British group using Daresbury 

Laboratory facilities. The poor performance of the Brimrose videosystem (which, 

to be fair, may have been malfunctioning) serious hindered the progress of this 

portion of the program. 

Microtomographv 

The synchrotron of microtomography alumina was conducted at the Daresbury 

Topographic Wiggler Station under the author's exploratory beam time grant 

"Synchrotron Computed Tomography Study of the Distribution of Pores in Sintered 

Alumina." The apparatus used is diagrammed in Fig. 1 and was designed and 

constructed by Dr. J. C. Elliott, London Hospital Medical College and Dr. D. K. 

Bowen, University of Warwick. Image reconstruction was done using software of 

Dr. S. D. Dover, King's College, London. *  

The collimator diameter was 10 gm and the translation steps were 15 gm. 

The counting time was 0.75 seconds per position. Absorption was measured for 

x-rays with 2=0.37A by means of a post-specimen monochromator. After each 

profile was obtained, the specimen was rotated by 3.0 degrees, and the process 

*For more information, please see the reprints (9] submitted with the annual 
report. 



was repeated until the specimen had been viewed from 180 degrees. In the limited 

beam time, five slices of the 2x2x10 mm 3 alumina samples were obtained. Four 

of the five scans were made with a 10 gm diameter collimator and are from 

adjacent volumes of materials (each slice is separated by 20 gm). The other 

scan was recorded using a 30 gm diameter collimator. A number of pores and a 

crack or very large cavity intersecting the surface were seen (91. 

Laboratory microfocus radiation was used to study porosity as a function 

of processing conditions in SiC/Si 3ts1 4 . We recorded a large number of adjacent 

slices with a 10 gm diameter collimator, and differences in porosity were 

clearly evident. The sample shown in Fig. 3 and 4 was produced by reaction 

bonding, was approximately 1 mm 2  in cross-sectional area and contained 

considerable porosity. Each pixel in the reconstructed images is about 20 and 

10 gm on a side in Fig. 3 and 4, respectively. The higher resolution in Fig. 

4 is due to the larger number of views recorded for these slices. The lighter 

areas represent regions of low x-ray absorption, and the slices are reproduced 

with 256 gray levels. Adjacent slices (numbered) are separated by 20 gm, large 

trapped pores and highly densified volumes are clearly visible, but individual 

15 gm fibers are not resolved in these tomographs. Tomographs were also 

recorded from a second Si T  N 4  /SiC composite which had been processed to eliminate 

the porosity. As expected, these tomographs revealed little porosity with 

dimensions greater than 10 pm. A preliminary report on these results should 

appear shortly [21j; preprints are enclosed with this report. 

One key element in the analysis is the resolution of individual fibers 

whose x-ray absorption is quite similar to the matrix and whose 15 gm diameter 

is only slightly larger than the "10 gm pixel size. The random orientation of 
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the fibers necessitates three-dimensional presentation of the adjacent slices; 

limited ranges of absorption will be rendered so that the resulting skeletal 

image will emphasize connected porosity or fibers. The data also allows 

determination of the average density of the sample; when this part of the 

analysis is complete, this density can be compared with that determined by 

macroscopic techniques. The distribution of pore sizes is also currently under 

investigation. A paper for submission to an archival journal (such as 

Philosophical Magazine A, Journal of Materials Research or Journal of the 

American Ceramics Society) will follow the completion of the analysis. 

Damage in a continuous fiber SiC/A1 MMC has also been studied with 

laboratory microfocus radiation apparatus; the sample was split parallel to and 

between the unidirectional fibers by a wedge [22]. The resulting crack stayed 

between plies of fibers for the most part, although SEM micrographs of the side 

of the sample revealed some micro-cracking and fiber breakage. The wedge was 

left embedded in the sample so that a gradient of crack openings and their 

visibility could be studied with microtomography (Fig. 5). Resolution in the 

slices was quite poor due to the fact that the wedge required a large sample to 

collimator separation; the divergence of the beam irradiated a much larger volume 

than was ideal. The limit of crack detectability cannot, therefore, be 

determined from this data. We can, however, determine the minimum crack opening 

displacement which produced significant contrast for this particular pixel size. 

The volume fraction of crack within the pixel can be estimated from the observed 

contrast and can be correlated with an extrapolation of crack openings measured 

at different distances from the wedge. When complete, this work will also be 

published in the open literature. 

15 



4. 	Scientific and Technological Impact 

The power of microtomography for processing defect characterization and 

for damage determination in MMC and CMC has been demonstrated. This study has 

shown that microtomography can lead to improved understanding of damage and of 

processing-related defects in composites. This is a prerequisite for improved 

life-prediction and process modeling, for wider use of composites and for 

extensive economic impact of this strategy for obtaining enhanced properties. 

Better understanding of damage mechanisms and their relationship to processing 

defects will be the first step to a new generation of high performance 

composites. The nondestructive nature of tomographic "sectioning" of the sample 

allows the same specimen to be studied multiple times during processing or 

deformation tests and allows the clearest identification of the mechanisms 

controlling macroscopic properties. Sample-to-sample variability, which often 

plagues composite studies, can now be eliminated. 

Higher resolution must be obtained, and better means for presenting the 

three-dimensional data must be devised. Correlation of tomographic images with 

well-understood and accepted techniques such as fractography are necessary for 

the confident interpretation of results. Development of this type of database 

on relatively complex materials such as composites will lay the groundwork for 

widespread, routine NDE of composites and of monolithic materials with these 

techniques. Achievement of 1 gm resolution over millimeter-wide dimensions will 

fill the gap between electron microscopy and statistical sampling techniques such 

as small angle scattering on the one hand and macroscopic measuring techniques 

on the other. The previously inaccessible size range is where microscopic 

mechanisms link with macroscopic behavior (and associated continuum models), and, 
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as such, its study is critical for physically based modeling. 

Progress in the fundamental understanding of damage accumulation in CMC, 

PMC and MMC appears very likely if microtomography is developed further. 

Advances in the technique's sensitivity and spatial resolution must, therefore, 

be an important goal. Increasing the volume of material which can be studied 

with microtomography is critical if it is to be used with specimens for which 

fracture mechanics calculations are valid (e.g. 1 cm 2 cross-sections instead of 

the 2 mm 2  which are presently feasible). Resolution of 1 gm and contrast better 

than 4% are goals which can be met in the next few years. The examination of 

larger diameter samples will also be possible. and it is not too optimistic to 

envision microtomography studies of samples with 5 mm or greater diameters. 

Another issue central to NDE of structural composites and to understanding basic 

failure mechanisms is the role of the loading state in the detectability of 

cracks. It is essential to know whether complex loading stages will be needed 

for routine NDE imaging. If damage is hidden by the removal of loads (if cracks 

or fiber-breaks close when the imposed strain is released), the amount of 

"invisible" damage or its fractions of the total damage should be established. 

Finally, the relationship of damage accumulation to processing flaws or to fiber 

arrangement must be determined. 

Effort should concentrate, therefore, on the fundamental aspects of damage 

initiation and accumulation, on the link between microscopic features and 

macroscopic mechanical behavior of composites and on microstructure-based 

modeling of phenomena such as stiffness loss. The understanding developed will 

be a key to improved composite design and processing, and industrial interactions 

will be essential in assuring improvements in the next generation of composite 
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materials. Making use of and refining instrumentation advances made elsewhere, 

promises exceptional scientific and technological advances for a very modest 

level of effort. Interpretation of data will be much clearer because the sample 

samples can be examined many times during the course of the deformation test. 

This approach of microtomographic damage characterization will, therefore, 

provide exciting, and perhaps unprecedented, advances in understanding damage 

initiation and accumulation. 
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Figure 1. Schematic of the London Hospital Medical College pinhole 
microtomography apparatus. 
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Figure 2. Schematic of the Lawrence Livermore National Laboratory 
CCD-based microtomography apparatus. 
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Silicon nitride/silicon carbide composite (1 mm 2  cross-section) 
Figure 3. Sample N- 1 - 4 (porous) Reconstructions SILI 

10 um dia. collimator, 20 um between slices, 3 deg/ view 
Darker pixels have higher x-ray absorption. 
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