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Abstract 

Two collaborative experiments, one on synchrotron computed 

tomography (SCT) and one on topographic EXAFS, have been 

conducted in the first year of this U.S.-U.K. Cooperative Science 

program. One paper on the SCT experiments has been published, 

and this work led directly to a funded project (ENG/MSM, NSF) 

supporting SCT experimentation at the National Synchrotron Light 

Source (NSLS) and to a significant portion of an NSF-MRG proposal 

which is currently under review. During the second year of the 

program, experiments using synchrotron x-ray microbeam 

fluorescence analysis and mapping of trace elements will be 

conducted, and the SCT experiments will continue on either 

Si 3N4  + SiC composites or crept, polycrystalline Cu-Sb specimens. 

A proposal for continuation of this cooperative program is 

planned. 
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I. Report of Progress 

Research during the first year focused on radiographic 

measurements and on topographic EXAFS experimentation. In the 

past two years, very high resolution synchrotron computed 

tomography (SCT) has developed rapidly, and SCT offers 

considerable advantages over conventional projection radiography. 

This, coupled with the fact that the British collaborating 

scientists are leading the development of SCT, dictated a shift 

in effort from differential absorption radiography  to the 

analogous SCT techniques. A proposal for beam time at Daresbury 

was approved, and a short series of scans of a porous alumina 

refractory were performed during May 1986 at Daresbury. 

Daresbury was unavailable from October 1986 to June 1987 due 

to the installation of the new high brightness lattice. To keep 

the momentum developed earlier, D.K. Bowen's and the author's 

groups conducted collaborative topographic EXAFS experiments in 

April 1987 at the Stanford Synchrotron Research Laboratory 

(SSRL). A non-stoichiometric GaAs crystal and a hematite crystal 

were examined. 

Despite the shutdown of Daresbury, two of the three proposed 

methods have been examined in the first year of the two-year 

program: x-ray absorption and topographic EXAFS. The 

experimental program for the topographic EXAFS is complete and 

that for x-ray absorption is continuing. Two of the five 

specimen types have been examined: porous sintered specimens and 

specimens for topographic EXAFS. The accomplishments during the 
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first year and the first two research trips meet our expectations 

for successful completion of the program. Through careful 

planning, our expenditures have been less than anticipated, and 

additional research trips will be possible under the present 

budget. The paragraphs below describe the specific work 

accomplished thus far in the program. 

I.1 Synchrotron Computed Tomography (SCT) 

The SCT of alumina was conducted at the Daresbury 

Topographic Wiggler Station under the author's exploratory grant 

(for beam time) "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 by Dr. D.K. 

Bowen, University of Warwick. Image reconstruction was done 

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

The spatial profiles of absorption in a thin slice of 

material are recorded for a large number of projection directions 

in CT. At this level CT involves the same principles as 

conventional radiography. In CT, however, the large number of 

absorption profiles are combined via a Fourier transformation to 

reconstruct uniquely the spatial position and absorbing power of 

each volume element within the slice. A three-dimensional 

representation of the distribution of absorption is obtained by 

recording adjacent slices. 

For more information, see accompanying reprints. 
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Highest resolution requires either a wide, but parallel, x-

ray beam and a detector with multiple micrometer-sized elements 

or a pinhole collimator and a normal detector. The latter 

approach is more practical and was used for our experiments. 

Therefore, the specimen was translated across the beam to build 

up each absorption profile. After each profile was obtained, the 

specimen was rotated by 3.0 degrees, and the process was repeated 

until the specimen had been viewed from 180 degrees. 

The collimator diameter was 10gm and the translation steps 

were 15gm. 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. Figure 2 shows absorption profiles 

(intensity vs. position) for seven projection directions (18 

degrees difference for first and last scans) through the alumina 

sample. The transmitted intensity profile for each succeeding 

projection direction is offset along the unlabeled axis. The 

flat portions of the curves represent positions at which the beam 

is not intersecting the specimen. 

In the limited beam time, five slices of the 2x2x10 mm 

alumina sample were obtained. Four of the five scans were made 

with a 10gm diameter collimator and are from adjacent volumes of 

material (each slice is separated by 20gm). The other scan was 

recorded using a 30 gm diameter collimator. 	A typical 

reconstructed slice is shown in Fig. 3. 	The grey scale 

represents absorption, with decreased absorption shown by darker 

shades. A number of pores and a crack or very large cavity 
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intersecting the surface are seen. 

The results from this experiment were included in a paper in 

SPIE Vol. 691 X-ray Imaging II. The experience gained with SCT 

led to the NSF program "High Resolution Synchrotron Computed 

Tomography for Engineering Applications" (grant no. MSM-8614493, 

$29,986, 2/15/87 - 7/31/88). We have also proposed, based on our 

Daresbury experience, a more substantial program as part of an 

NSF-MRG proposal entitled, "Structure, Deformation, and Fracture 

Mode Characterization of Anisotropic Materials." Both the 

project and proposal are aimed at developing synchrotron 

capabilities similar to those at Daresbury. 

1.2 Topographic EXAFS 

The topographic EXAFS experiments on GaAs and on hematite 

crystals were only recently completed, and no analyses of the 

results are presently available. The experiments were conducted 

at SSRL because of the Daresbury shutdown and Dr. Bowen's 

sabbatical in the U.S. The two specimens examined (on SSRL Beam 

Line 11-4) were expected to have significant spatial variation in 

stoichiometry or in valence state, and the goal of the 

experiments was to investigate the sensitivity of topographic 

EXAFS to this spatial variation. 

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 

6 



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 2 0 3 ). 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 be resolved within the spot. We 

located the edges of both the GaAs and Fe 2 03  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 be evaluated. The 

image analysis will be conducted by the British group using 

Daresbury Laboratory facilities. 

II. Problems and Favorable Developments 

The SCT characterization of the alumina sample looks very 

promising. This activity will be expanded in the second year of 

the program. The nine month shutdown of Daresbury and the 

accompanying logjam of experiments could have posed great 

difficulty, but we were able to obtain time at SSRL during which 

we could continue the collaborative research. The poor 
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performance of the Brimrose videosystem (which, to be fair, may 

have been malfunctioning) seriously hindered our topographic 

EXAFS research. 

The final problem we wish to report is embarrassing. Our 

collaborators wrote the enclosed paper of the SCT experiments, 

and a clerical error excluded proper acknowledgment to NSF for 

the author's participation in these experiments. This was 

compounded by the fact that the manuscript was sent to the 

author's former address where it was not forwarded for several 

months. By the time he saw the omission, the paper had already 

been published. The author deeply regrets this failure. 

III. Program During 1987-88 

During the last year of the program, microbeam fluorescence 

analysis and mapping experiments will commence and SCT 

characterization will continue. Microbeam experiments at 

Daresbury are scheduled by the British group for next Fall, and 

the author will participate in these runs. A proposal for more 

SCT beam time, also at Daresbury, is currently being prepared; 

the earliest this could be scheduled is next Winter. 

The role of the author in the microbeam fluorescence 

experiments will primarily be that of an assistant: this is the 

best means of gaining the experience required to establish a 

similar program at Georgia Tech. We hope to examine the spatial 

variation of impurities in two types of specimens of especial 

interest to us. The first is In doped GaAs crystals and the 
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second is specimens with grain boundary segregation. We have one 

GaAs crystal where the striations from In segregation are visible 

in x-ray topographs and are separated by 100gm distances. No 

precise measurements have yet been reported on the spatial 

variation of In concentration. Techniques such as SIMS confirm 

that there is a variation but cannot conclude much else; the 

impact of successful x-ray fluorescence microprobe experiments 

will be substantial. Two different material systems are being 

considered for the attempt to measure segregation at grain 

boundaries: Cu-Sb and Cu-Bi. A study of either system would 

have considerable impact on our understanding of grain boundary 

embrittlement, and we will attempt to detect Sb or Bi at the Cu 

grain boundaries. 

Two sets of specimens are currently being prepared for SCT 

examination. The first material is Cu-Sb, and the second is 

Si 3N 4 /SiC composite. We would like to examine both sets of 

specimens, but beam time constraints may force a choice between 

the two. 

The Cu-Sb samples are polycrystalline and have been heat 

treated to produce heavy Sb segregation to the grain boundaries. 

Grain boundary cavities form in response to loading at 400 °C. We 

are currently investigating the relationship between crack tip 

damage and fracture mechanics concepts such as C t  and C *  (the 

time dependant analogs of the J-integral) under the direction of 

Professor A. Saxena, School of Materials Engineering, Georgia 

Tech. While it is fairly simple to observe the cavity size and 
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spatial distributions on fracture surfaces, it is impractical to 

characterize these distributions away from the fracture surface. 

We will machine cylindrical specimens from various positions in 

the specimen and will examine slices from the middle as well as 

near the surface of the compact tension specimens. There could 

be significant differences between near-surface and interior 

regions and at different distances from the crack tip. 

Conventional synchrotron radiography will be used to supplement 

the SCT measurements. 

The Si 3N4/SiC composites have been reaction sintered. 	In 

the SCT experiments we will attempt to differentiate between the 

following: completely reacted Si 3N 4, pores in the Si 3 N 4' 

unreacted Si due to poor firing and SiC fibers. Differences in 

firing may cause some of the defects, and considerable porosity 

can be retained if the green composite is not de-aired prior to 

firing. Pores as large as 300jim diameter have been observed by 

Dr. T. Starr (Georgia Tech Research Institute) who is providing 

these samples. A number of slices' will be examined from 

combinations of good/poor firing and de-airing/no de-airing. 

These measurements may also be supplemented by conventional 

synchrotron radiography. 

If these experiments are successfully completed, we will 

have examined all of the techniques and all of the specimen types 

listed in the proposal, excepting perhaps the precipitates in 

coal. The Si 3N4 /SiC composite, however, is a severer test of 

SCT's ability to detect precipitates and to differentiate between 
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porosity and precipitates, and we will use it instead of coal. 

In the coming months we will submit a proposal for continued 

research using synchrotron x-ray methods such as SCT and 

microbeam fluorescence mapping. 

Figure 1. Schematic diagram of the Synchrotron Computed Tomography 
(SCT) apparatus. X, X-ray beam; C, collimator; T, translation axes; 
R, rotation axes; S, sample; M, monochromator and D, detector. 

11 



50000.00 

30130 	 35130 30000 2500 

-a 
N 
4-) 
-I-) 

•E-  Liouno.nri.  
s_ 

35000.01' 

Position (micrometers) 

Figure 2. Transmitted intensity as a function of position for an 
alumina specimen. Profiles are shown for seven projection directions. The 
successive profiles were produced by three degree rotations and are indicated 
by the displacement along the unlabeled axis. 



Figure 3. Synchrotron computed tomograph of alumina. The sides of 
the slice are 2mm, and the darker pixels represent decreased x-ray 
absorption. This tomograph was produced with a 10 micrometer diameter 
collimator and 0.37 A radiation. 
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Abstract  
• 

High resolution x-ray microtomography-has been established at the synchrotron radiation 
source at Daresbury Laboratory, U.K. A high precision mechanical stage with two trans-
lational and one- rotational degree of freedom has been constructed, and fully characterised 
by mechanical metrology; overall precision is better than 0.5 um. Collimation of the 
incident synchrotron radiation beamthrough a 4 um aperture has been obtained, giving 2 um 
overall spatial resolution. Results have been obtained using monochromatic radiation at 
both 1 angstrom and 0.37 angstrom wavelengths, on human bone fragments and on sintered 
alumina ceramics. 

Introduction  

Since the invention of computerised axial tomography by Hounsfield in 1973 1  it has 
attracted enormous development in the medical imaging field. This development has 
concentrated primarily upon the reduction of the data collection time and x-ray dose, for 
obvious medical reasons, by the use of multiple sources and detectors and by the design of 
efficient algorithms for reconstructing the images. Relatively little attention has been 
paid to the accurate quantification of the absorption parameters derived nor to the ultimate 
spatial resolution that can be attained. This is primarily due to technological limitations, 
in that conventional x-ray sources are not very bright, nor can intensity be sacrificed in 
order to produce monochromatic radiation although the latter is necessary for quantitative 
measurements since the absorption parameters vary rapidly with wavelength. 

In part dUe to the advent of very bright synchrotron radiation sources, there has 
recently been a surge of interest in the application of computerised axial tomography, with 
high spatial resolution and accurate quantification of absorption parameters, to the field 
of - non-destructive testing of biological and mechanical materials; see for example Reimers, 
Gilboy and Goebbels 2 . -  Tomographs with resolution around 10 um have been obtained, though 
with data collection of one or two days, on laboratory micrbfocus x-ray sources by Elliott 
and Dover 3,4  and have been most encouraging in demonstrating the potentiality of the method 
for non-destructive imaging. It is especially useful for materials that are delicate or 
friable, or in-which important microstructural features can be lost during specimen 
preparation. For example, in bone or loosely sintered ceramic composites the measurement 
and visualisation of porosity is an important requirement, yet pores may be artificially 
enlarged by additional fragments breaking off during specimen preparation or by any etchants 
that are necessary to remove polishing damage. In soft plastic materials, whether metal or 
polymers, the precise morphology of voids and second phases may be grossly distorted by 
smearing or other distortions during sectioning and polishing for conventional metallography. 
In addition, the physical sectioning methods are of course totally destructive, and are 
usually the last measurements that can be made upon those specimens. There is therefore 
very considerable interest in the application of the non-destructive computerised axial 
tomographic methods to the imaging of density changes (pores or voids, second phases, fibre 
or particle inclusions etc.) in both biological and non-biological materials. For the 
highest resolution, the brightness requirements virtually dictate the use of a synchrotron 
radiation source though with efficient parallel detection assemblies conventional x-ray 
sources or radioactive gamma ray sources have powerful applications. 2  

This paper describes the application of the synchrotron radiation source at Daresbury 
Laboratory to the production of high resolution tomographs of both bone fragments and of 
sintered alumina specimens. 
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Instrumentation  

The system has been used on two different beam lines at Daresbury Laboratory, from a 
conventional bending magnet and from the high field superconducting "wiggler" magnet, 
respectively. The former gives excellent intensity in the one to two Angstrom wavelength 
regime, and the latter, in the 0.2 - 1.5 Anstrom regime although in each case the total 
useable spectrum is much wider. In both cases the "double crystal camera" described by 
Bowen and Davies2  was used for mounting and alignment of the microtomography stage, 
collimators, monochromators and detectors. The standard Daresbury Laboratory control soft-
ware, written by E. Pantos, was used to control all the translations and rotations of the 
stage and monochromator and to collect the data from the detectors. The incident beam was 
collimated by a platinum aperture, centered on a steel cylinder. A V-block was mounted on 
a small optical bench so that when the collimator assemblies were dropped on to the V they 
were accurately centered in the incident white radiation beam. Thus, exchange of collimators 
could be made very rapidly without upsetting the alignment. The specimen was placed within 
two or three millimetres of the collimating aperture, and with the long source to collimator 
length of 60 m (conventional magnet) or 40 m (wiggler magnet) the source was in all cases 
demagnified to less than 1 p ►  diameter at the specimen. In all cases the blurring due to 
both Fresnel and Fraunhofer diffraction is very much less than 1 um with this arrangement. 
After passing through the specimen, the beam was diffracted by a graphite monochromator, 
which delivered a-broad band (approximately 5%) monochromatised beam to the scintillation 
counter detector. This was run through a single channel analyser in order to minimise the 
effect of 1/2 harmonics. The incident beam was monitored with either an ion chamber 
before the collimator or with a scintillation counter measuring scattered radiation, in 
order to compensate for the gradual decay in synchrotron radiation intensity with time after 
the storage ring has been filled. 

Considerable attention was paid to the design of the tomographic stage itself. The 
design is based upon kinematic and elastic design principles, and utilises accurately ground 
tungsten carbide balls of diameter 0.375 ± 0.000025". One of these was cemented at each 
end of a 15 cm spindle with epoxy resin, and another short spindle to carry the specimen at 
its tip or cemented on to one of the balls diametrically opposite the main spindle. Both 
balls rested in V-blocks whose bearing surfaces were formed by 5 mm diameter polished 
sapphire discs. These ball/V-block assemblies are the basic rotational and linear bearings. 
One V-block was fixed and had a horizontal micrometer head mounted coaxially with a specimen 
spindle so that the ball sitting in the V could rest against the micrometer spindle face. 
The other V-block was mounted on a beryllium-copper parallelogram spring and positioned over 
a vertical micrometer head whose curved spindle tip bore on a polished sapphire plate fixed 
on to the lower surface of the V. Rotation of this micrometer moves the specimen vertically 
and provides the basic high precision stepping motion across the narrow x-ray beam to 
measure each projection. The specimen spindle could be rotated by a spur gear mounted 
directly on it near the fixed V which meshed with another smaller gear displaced horizontally 
from it: this arrangement ensures a minimal change in the meshing of the gears as the spec-
imen is moved in a vertical direction. This arrangement of mounting the spindle conforms 
with the kinematic principle that requires the minimum number of constraints but allows 
rotation and two translations. High precision micrometer heads and gears were used in the 
construction. 

The performance of the stage under computer control was extensively studied in the 
Centre for Microengineering and Metrology, Warwick University. As previously reported" the 
performance of the stage was considerably better than the necessary 1 um; the results are 
summarised in Table 1. 

Table 1. Results of Metrology on Microtomography stage. 

Axis 1 (translation) 
Backlash 
Accuracy over 90 um 
Accuracy over 600 um 
Settling time to 0.1 um 

< ± 0.1 um 
± 0.1 um 
± 0.3 um 
100 ms 

Axis 2 (rotation) 

Centre location precision over 360 °  rotation ± 0.1 um 

Axis 3 (translation) 

As for Axis 1 

A photograph of the stage is shown in Figure 1. 
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Figure 1. Photograph of the Microtomography stage. 

Results and discussion  

Atypical typical data collection routine comprised sixty-four projections separated by angles 
of 3 , each of which consisted of 128 separate measurements during the vertical scan. The 
step distance between measurements in the vertical scan direction was chosen to match the 
collimator used; 5 um for the 4 um collimator and 15 um for the 10 um and also for the 30 um 
collimator. By the Nyquist theorem, the spatial resolution that can be expected is one-half 
of the spatial sampling frequency. Thus, for the 4 pm aperture and 5 um steps we expect 2/ 
2.5 um resolution. 

Figure 3 shows a "section" of a piece of human femur bone taken at 2/2.5 um resolution. 
The three prominent circular features are Haversian canals, and. the shading indicates 
regions of reduced/increased mineralisation surrounding them.. Figure 3 shows a larger 
fragment of high density alumina ceramic, taken with about 15 um resolution. This image 
shows cracks, porosity and regions of lOwer absbrption parameter which probably indicate 
large particles of a second phase. 

Figure 2. Reconstructed image of section of human femur bone, taken at 1 angstrom with a 
4 um collimator and a 5 um stepsize. 
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Figure 3. Reconstructed section of a fragment of high density alumina, taken with 0.3 
angstrom radiation, a 30 um aperture and a 15 um stepsize 

The choice of radiation wavelength is quite important. For best signal-to-noise in the 
reconstructed image it is necessary to have very approximately 50% absorption at the thickest 
part of the specimen. For precise reconstructions of absorption parameter rather than a 
qualitative density figure, it is necessary to have a fairly restricted range of wavelength 
since the absorption parameter varies with the cube of the wavelength. In practice a 
variation of a few percent in the wavelength is not detrimental and increases the available 
power. With synchrotron radiation sources, tuned monochromators are therefore highly 
convenient, but these must either be of the order-sorting broad band variety or - the detector 
used must be capable of discriminating between A and A/2 for other harmonic wavelengths 
that may be present. For the wiggler line experiment, the wavelength of 0.35 angstroms 
was chosen to be just below the wavelength of the iodine absorption edge; this meant that the 
sodium iodide crystal in the detector was operating at high efficiency. It is seen that for 
versatile non-destructive investigation of materials of different sizes and average densities, 
considerable flexibility is required in the experimental arrangements and some thought must 
be given to the precise conditions for each measurement. 

The data collection times for the above tomographs were approximately 4 hours, with the 
detector run close to saturation (i.e., the x-ray intensity was not a limiting factor). 
Approximately a quarter of this time was taken in simply moving the stepping motors to their 
new positions, when summed over the whole run. There are tremendous advantages to be gained 
from some form of parallel detection, which might be two-dimensional as in a charge coupled 
device or television camera, with sufficient integration to provide a high dynamic range, 
or even in the adoption of a few parallel channels provided that the spatial resolution of 
each channel is sufficient. It is quite easy to see developments in detector technology 
that would permit the data collection time to be reduced to minutes or even seconds with 
synchrotron radiation. The algorithms used for the reconstruction of the images are so far 
the conventional Fourier transform-based algorithmS. It is quite possible that the effects 
of noise, which are quite evident in the images-, could be better minimised by the use of 
algorithms based upon the maximum likelihood approach (Lange and Carson 8 ). We are currently 
investigating the application of these methods. 

In conclusion, computerised axial tomography with synchrotron radiation has demonstrated 
applicability to microstructural analysis at the micron level, in a completely non-destructive 
manner. We believe that this will have significant applications in the fields of biological 
materials, polymer and other composite materials, the study of processes such as sintering, 
and the study of phase mixtures in both geological and metallurgical specimens. 
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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. 
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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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