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Abstract: X-ray phase-contrast imaging and tomography make use of the refraction of  

X-rays by the sample in image formation. This provides considerable additional 

information in the image compared to conventional X-ray imaging methods, which rely 

solely on X-ray absorption by the sample. Phase-contrast imaging highlights edges and 

internal boundaries of a sample and is thus complementary to absorption contrast, which is 

more sensitive to the bulk of the sample. Phase-contrast can also be used to image  

low-density materials, which do not absorb X-rays sufficiently to form a conventional  

X-ray image. In the context of materials science, X-ray phase-contrast imaging and 

tomography have particular value in the 2D and 3D characterization of low-density 

materials, the detection of cracks and voids and the analysis of composites and multiphase 

materials where the different components have similar X-ray attenuation coefficients. Here 

we review the use of phase-contrast imaging and tomography for a wide variety of 

materials science characterization problems using both synchrotron and laboratory sources 

and further demonstrate the particular benefits of phase contrast in the laboratory setting 

with a series of case studies. 

Keywords: phase-contrast; micro-tomography; X-ray imaging; radiography; X-ray 

microscopy 
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1. Introduction 

The origins of X-ray tomographic methods sit firmly in the medical sphere with the development of 

computerized tomography (CT) by Hounsfield and Ambrose in the early 70s [1,2]. Only a few years 

later the first forays into micro-CT were made, primarily for biomedical applications [3–6], including 

at synchrotron sources [7]. Since these early times micro-CT has increasingly been incorporated into 

the microscopist’s toolkit for 3D characterization of materials [8–12], a development which has been 

greatly assisted by the increasing availability of turnkey laboratory X-ray micro-CT systems [13,14]. 

Conventional tomographic methods all have the common feature that they rely solely on the 

absorption of X-rays as a mechanism of contrast formation. However, around the time of the 

development of lab-based micro-CT systems in the mid 60s, the first steps were being taken to create 

X-ray images using the refraction of X-rays by matter, in addition to absorption. These types of 

refractive-, or phase-contrast-, imaging methods enable the visualization of features in weakly 

absorbing objects such as polymers, or indeed objects that barely absorb X-rays at all. They also 

greatly enhance the visibility of weakly absorbing features in the presence of more strongly absorbing 

sample components, for example enabling thin filamentary components such as carbon fibers to be 

clearly imaged in a sample that also contains metals. 

X-ray phase-contrast imaging was first deliberately implemented with interferometric methods in which 

a reference beam is allowed to interfere with a beam, which has passed through the sample [15–17]. A 

second class of phase-contrast imaging approaches are analyzer-based imaging methods involving 

reflection of the transmitted beam from a Bragg crystal which acts as an angular filter such that 

refractive effects caused by the object are converted into intensity effects in the detector plane. These 

would appear to have first been developed by Goetz and co-workers [18,19] in the context of imaging 

the internal structure of pellets for use in thermonuclear fusion experiments. In the case of  

condenser-objective type X-ray microscopes, Zernike phase-contrast methods have also been implemented 

in a similar manner to that for their visible light counterpart for both diffractive and refractive  

optics  [20–23]. For scanning transmission X-ray microscopes a segmented detector can be used to 

detect the refraction (deflection) of the probe beam by the sample, a method, which has been 

implemented both at synchrotrons and in laboratory systems [24–26]. A more recent class of 

approaches to phase-contrast imaging is based on the use of one or more gratings to act as wave-front 

modulators and/or analyzers [27–29]. A further class of methods includes those termed Coherent 

Diffractive Imaging, which seek to exploit highly coherent beams to obtain coherent diffraction 

patterns from small samples or small regions of a sample, enabling very high-spatial resolution 

information to be extracted [30–32]. A number of these phase-contrast methods have been applied in 

materials micro-tomography [33–39]. 

The simplest X-ray phase-contrast method, and the one which is the main focus of this paper, 

follows in the footsteps of Gabor’s development of in-line holography for improving the resolution of 

electron microscopy [40]. This technique, better known as in-line phase-contrast, makes use of the 

Fresnel diffraction of X-rays to enhance the visibility of edges and boundaries within an object and was 

first observed in the holographic imaging regime using soft X-rays from a synchrotron source [41].  

In-line phase-contrast was first demonstrated with monochromatic hard X-rays at synchrotron sources by 

Snigirev et al. [42] and independently using polychromatic laboratory sources by Wilkins et al. [43,44]. 
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The work and research that followed clearly demonstrated the potential of the in-line method for 

imaging weakly absorbing features in low-density objects [45–47]. The technique has been widely 

applied in synchrotron tomography [48,49] and lab based imaging and tomography with microfocus 

sources [50,51] and specially adapted scanning electron microscopes (SEMs) [52,53].  

The key enabling property for high quality in-line X-ray phase-contrast imaging is high lateral spatial 

coherence of the source as viewed from the sample, where lateral spatial coherence is defined by 

Equation 1. ݈ ൌ ߣ ܴଵ2π(1) ߪ  

where σ denotes the rms X-ray source size and λ the X-ray wavelength [54]. 

For conventional laboratory sources this is commonly (but not always) achieved by the use of a 

microfocus source of, say, 25 μm or less (FWHM). For synchrotron sources, high lateral spatial 

coherence is commonly achieved either by having a long path length between the primary X-ray 

source (inside the storage ring) and the sample, or by the use of some form of focusing optics to 

produce a small secondary effective source. For imaging under near-field conditions (first Fresnel 

zone), chromatic/spectral coherence is not important and a wide band-pass of an order of 30% is 

typically acceptable  [44,55]. The advantages of laboratory sources for in-line phase-contrast imaging 

are; Stability, possibility of large magnification and hence the ability to use comparatively low spatial 

resolution detectors (such as Imaging Plates or flat panel detectors) and the possibility to use  

energy-resolving detectors to do multi-spectral imaging. The latter are not so readily applied at 

synchrotron sources due to the much high intensities involved. On the other hand, the principal 

advantage of synchrotron sources for X-ray in-line phase-contrast imaging is a very high intensity, 

which makes dynamic studies possible.  

More quantitative approaches have incorporated phase-retrieval methods, which enable the 

extraction of the phase-shift imposed on the X-ray wave-front by the object [56,57]. These methods were 

soon extended to tomography [58], and also to more absorbing samples [59–61]. Phase-retrieval was 

also extended to multi-distance and multi-energy data sets with benefits for the analysis samples 

composed of multiple materials [62,63]. 

With the increased availability of micro-focus X-ray sources in-line phase-contrast imaging is now 

much more accessible to researchers, indeed with very small micro-focus sources (say 5 μm FWHM or 

even less) operating at high magnifications it is almost unavoidable. A good understanding of the 

optimal application of these methods for tackling problems in materials characterization is therefore 

highly desirable. This paper aims to provide an overview of the use of phase-contrast imaging and 

tomography with a review of the state-of-the-art of in-line phase-contrast imaging and tomography for 

materials characterization both at synchrotrons and in the laboratory. It will also illustrate the 

capability of the technique with a series of case studies demonstrating the application of lab-based  

in-line phase-contrast methods to a variety of materials applications. 
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2. Review 

2.1. Physical Principle of In-Line Phase-Contrast Imaging 

In-line phase-contrast imaging, like other phase-contrast methods, is made possible by the refraction 

of X-rays by a sample. The X-ray refractive index is very close to 1, making these refractive effects 

weak compared to the refraction of light, therefore specialized imaging conditions are required to make 

use of X-ray refraction in imaging. The primary requirement is that the X-ray beam illuminating the 

sample has high spatial coherence; a condition that is met either by having the X-ray source some 

distance away, as is typically the case at a synchrotron, or by using a small source size (of a few tens of 

microns or less). The second significant requirement is that there is a significant distance between the 

sample and the detector. After passing through the sample the X-ray wavefront is distorted in 

proportion to the phase-shift imposed by the sample, and it is the propagation of the distorted X-ray 

wavefront between the sample and detector which gives rise to Fresnel diffraction fringes in the image. 

An important feature for practical applications is that there is no strong requirement for chromatic 

coherence since in the near-field case the Fresnel fringes are approximately coincident for different 

energies, enabling polychromatic radiation such as that from laboratory sources to be used [44].  

Figure 1 shows the in-line phase-contrast mechanism for the cone-beam imaging geometry typical of 

X-ray micro-CT experiments. 

Figure 1. Mechanism of in-line phase-contrast: A sample imposes a phase-shift on the  

X-ray beam, which distorts the X-ray wavefront. 

 
This gives rise to small changes in propagation direction of adjacent parts of the wavefront leading 

to interference fringes at object boundaries in the image. This illustration is for the cone-beam 

geometry typical for lab-based imaging. At a synchrotron the wavefront is approximately planar but 

the image forming mechanism is essentially the same. 

Undisturbed wavefront 

Wavefront distorted by sample 

Direction of propagation 

X-ray source 

Sample 

Image on 
detector 

R1 = source to sample distance R2 = sample to detector distance 
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In the parallel beam case the intensity of the phase-contrast fringes increases with the propagation 

distance from sample to detector R2, although as this distance increases further the fringes broaden and 

the imaging regime changes from the near-field, edge-enhanced mode used in most phase-contrast 

imaging to the intermediate regime where more diffraction fringes are visible, e.g., as used in 

holotomography [62].  

In the cone-beam case the image of the sample is magnified on the detector according to the 

geometry such that magnification M = (R1 + R2)/R1, where R1 and R2 are the source-to-sample and 

sample-to-detector distances, respectively. Assuming that we have a point source and perfect detector, 

it can be shown that the phase-contrast fringes will be strongest where R1 = R2 (i.e., a magnification of 2), 

however, in practice detector resolution restricts the imaging geometries in which fringes can be 

observed to higher magnifications where R1 < R2 which also corresponds to the typical set-up for 

micro-CT of small samples. 

If we ignore the effect of source size and finite detector resolution, for X-rays of wavelength λ the 

spacing of the phase-contrast fringes relative to the sample will be SF = √(R’λ) where R’ = R1R2/(R1 + R2). 

They will be visible (e.g., phase-contrast imaging will be possible) where they can be resolved by the 

imaging system, which will depend on the magnification, source size and detector resolution. This is 

reasonably easy to achieve with modern microfocus X-ray sources of <10 μm in source-size and CCDs 

of pixel size 20 μm or less. A detailed discussion of contrast, resolution and optimization of imaging 

conditions for in-line phase-contrast imaging can be found in several papers [64–67]. 

2.2. Phase-Retrieval for Quantitative Phase-Contrast Imaging 

Phase-contrast images, as noted above, are edge enhanced so that the image intensity is no longer 

linked in a straightforward way to the thickness of the sample. In a phase-contrast image both the 

brightest and lowest intensities are likely to be found in the fringes delineating the edges and any 

internal boundaries of the sample. In order to extract quantitative information from an image a  

phase-contrast image can be transformed by an operation called phase-retrieval to recover the original 

phase-shift imposed on the X-ray wavefront by the sample (e.g., immediately after the sample). A  

phase-retrieved image is not only a more quantitative representation of the sample, it is better suited as 

input to a tomographic reconstruction algorithm. 

A significant proportion of phase-retrieval algorithms used in the context of in-line phase-contrast 

imaging are based on the transport of intensity equation which describes how the intensity distribution 

of a wave evolves as it propagates [68,69]. This approach was first used in the context of hard X-ray 

imaging by Nugent et al. [57] who applied it to synchrotron-based imaging of pure phase objects. 

Application of this type of technique to polychromatic laboratory data was demonstrated by Gureyev 

and co-workers [70]. Bronnikov showed that for tomography of pure phase objects this type of  

phase-retrieval method could be combined with the reconstruction step, thus speeding up 

computation [58].  

The methods previously described are only strictly correct for a sample which does not absorb  

X-rays but only refracts them. Phase-contrast images of many samples however contain both phase and 

absorption contrast. For weakly absorbing samples, small modifications of the previous methods may 

suffice [60]. Algorithms for more strongly absorbing samples have also been developed and are widely 
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used for phase retrieval from a single phase-contrast image [59,61,71–74]. In their practical 

implementation these latter algorithms are almost identical in that they only give strictly quantitative 

results for a monochromatic X-ray beam and a single material object (or more strictly speaking an 

object in which the ratio of the real and imaginary parts of the X-ray refractive index is constant), 

unless the X-ray energies are very high (>60 keV). Nevertheless they are widely and quite successfully 

used in practical imaging and tomography applications even outside their area of strict applicability, 

for instance for multi-material samples or polychromatic X-ray beams. A review of the use of many of 

these algorithms can be found in a recent paper by Burvall [75].  

By incorporating prior knowledge about the sample it is possible to extend single-image phase retrieval 

to provide quantitative results for multi-material samples [76,77], or to speed up CT data collection by 

enabling fewer views to be used views [78]. In the case of polychromatic X-ray sources, such as those 

found in the lab, spectrally weighted averaging methods can be used for accurate phase-retrieval [79,80]. 

The previously described algorithms are restricted to the more typical “edge enhanced” form of  

in-line phase contrast, sometimes known as the “near-field” imaging regime which corresponds to short 

propagation distances between sample and detector. Phase-contrast imaging in the intermediate-field 

regime (i.e., with longer propagation distances) results in an image with more obvious diffraction 

characteristics due to the visibility of high-order Fresnel fringes. For images which do not depart too 

far from the near-field regime the Born and Rytov approximations can be used with TIE-based 

methods similar to those above [81]. For images with stronger diffraction features Cloetens’ 

holotomography method gives impressive results but requires multiple images at different propagation 

distances [62]. For weakly absorbing samples single image algorithms based on the extended  

contrast-transfer function are also effective [82,83]. 

2.3. Synchrotron In-Line Phase-Contrast for Materials Characterization 

2.3.1. Cracks/Defect Initiation in Various Materials 

Phase-contrast imaging and tomography has made significant impact in the study of cracks and 

damage mechanisms in various materials making particular use of the high sensitivity to features such 

as voids, porosity, and even boundaries between quite similar materials [46]. This has been applied to 

the investigation of Al:SiC metal matrix composites (MMCs) by Buffiere and co-workers who were 

able to identify rupture of the SiC particles as the starting point of plastic deformation  [84–86]. 

Growth defects in SiC such as micropipes have been examined using white-beam phase-contrast [87], 

sometimes paired with Bragg diffraction [88]. Phase-contrast micro-tomography has also been applied 

to the analysis of wetting characteristics of functionally graded Al/SiC MMCs  [89]. These are 

produced by a casting process where imperfect wetting leads to the unintended incorporation of voids 

in the material. 

Cracks in more conventional metals and alloys have been studied by Ignatiev and co-workers who 

used stereometry to map the 3D crack structure using pairs of 2D images  [90]. Herbig analyzed 3D 

growth of fatigue cracks in the polycrystalline microstructure Ti 21 S by combining in-line  

phase-contrast imaging with diffraction contrast tomography to get both crack morphology and grain 

shape and orientation [91]. Dynamic studies of crack formation have also been reported. These include 
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3D crack tomography during in situ fatigue crack loading of Ti-6246 alloy [92] and 3D observation of 

damage evolution and calculation of local crack driving forces in aluminum alloys from in-situ  

phase-contrast micro-CT during load cycles [93–95]. 

There have been a number of studies of cracking in metallic foams. For instance, Koboyashi and 

Toda combined phase-contrast micro-CT with other techniques such as local micro-CT and in-situ 

methods to analyze cracks in foams of pure Al and Al alloys. They discovered that foam morphology 

and micro porosity were the main factors in ductile buckling (pure Al) and brittle fracture (alloy) of 

cell walls during compressive deformation [96–98]. Hu and colleagues [99] analyzed the nucleation of 

cracks in layered foams from the insulation on the space shuttle fuel tank. These experiments were 

performed with in-situ loading and showed that the interfaces between the layers and the interlayer 

bonding were the starting point for defects and cracks. 

The analysis of crack formation and growth has also been extended to materials as diverse as bio 

compatible acrylic cements, where crack mechanisms have been linked to beads at surfaces of voids 

within materials [100] and mortars used in construction. A study of mortars affected by weathering via 

the alkali-silica reactions enabled observation of micro-cracking and gel deposition induced by an 

accelerated weathering process [101]. 

2.3.2. Low Density Materials and Low-Contrast Boundaries 

In addition to sensitivity to cracks and voids, phase-contrast imaging methods have also proven 

very valuable in a number of materials-science applications which benefit from its sensitivity to 

features in low-density materials, and to other low-contrast features such as boundaries between 

similar materials. Baruchel and colleagues demonstrated the ability to image low-contrast biofilms and 

thin hydroxyapatite layers using phase-contrast [102]. The technique has also been applied to the 

visualization of carbon fibers in carbon-carbon (C/C) composites, which requires sensitivity to a very 

small difference in X-ray refraction between the two materials [103,104]. Kobayashi and colleagues 

further extended this approach for a study of activated C/C composites used for electric-double-layer 

capacitor electrodes by incorporating a Bragg magnifier to increase resolution and enable real-time 

imaging of the behavior of the composite within an overcharging capacitor [105].  

Other composite also provide challenges to absorption-based X-ray imaging and tomography. 

Phase-contrast has been utilized for analysis of fiber orientations of carbon fibers in polymer 

matrices [106] and for characterization of composites with CaCO3 fillers in the matrix reinforced with 

glass fibers [107]. Young and co-workers combine phase-contrast micro-CT analysis of structural 

deformation with diffraction analysis of lattice strains to explore the mechanical behavior of 

interpenetrating Al2O3/Al composites which also have low-contrast boundaries [108]. 

Low-density materials have found potential applications in nuclear technology including the 

pyrocarbon and silicon carbide coatings for use in fuel pellets for fusion reactors. Kashyap and  

co-workers have analyzed the uniformity and quality of such coatings on test samples based on 

alumina and zirconia microspheres [109,110]. Even lower density materials are used in inertial 

confinement fusion capsules, which contain a solid deuterium-tritium layer in a copper doped 

beryllium shell and which have been usefully characterized using phase-contrast methods [111,112].  
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Phase-contrast micro-tomography of Al/Si alloys used in semi-solid forming has been demonstrated 

by Verrier and co-workers [113]. In this case the phase-contrast enables the different phases to be 

distinguished which would be impossible with absorption contrast alone as the attenuation coefficients 

for the different phases are very similar. This study enables the solid and liquid phases to be clearly 

distinguished and their connectivity determined. 

2.3.3. Porous Materials 

The characterization of porous materials touches on a wide range of applications in materials 

science. Weiss et al. report on tomographic characterization of bone in-growth into porous bone repair 

materials [114]. Phase-contrast imaging has also made an impact here in the study of gas diffusion 

layers enabling the detailed characterization of morphology and the visualization of the water 

saturation as a function of pressure [115,116]. On a finer scale, submicron porosity in the form of tubules in 

tooth dentin has been imaged using specialized high sensitivity methods of in-line phase-contrast 

imaging [117]. There may be considerable future potential in using X-ray phase-contrast for the 

visualization of low-density fluids such as water in other types of porous materials including mortars 

and rocks. 

2.3.4. Natural Materials 

Many natural materials such as wood and paper are composed of low Z elements which absorb  

X-rays only weakly and which benefit from the use of phase-contrast in imaging. Phase-contrast 

tomography was applied to paper samples relatively early in the development of in-line phase-contrast 

methods [118,119] and showed great promise for distinguishing low-density cellulose fibers. More 

recently it has been applied to analysis of morphological and transport properties in dry and soaked 

paper samples [120]. 

Wood, which has a similar composition to paper and also has an intricate hierarchical 3D structure, 

has been imaged using synchrotron phase-contrast by Groso and also Trtik and colleagues who were 

able to extract porosity and microstructural parameters such as cell-wall thickness with an imaging 

resolution down to 1.5 μm [60,121]. 

2.4. Laboratory-based In-Line Phase-Contrast for Materials Characterization 

The development of lab-based in-line phase-contrast imaging has run in parallel to synchrotron 

methods due to the ease with which it can be applied using polychromatic lab sources. Unlike a 

synchrotron source where spatial coherence is usually provided by distance from the source to sample, 

lab-based phase-contrast typically makes use of micro-focus X-ray sources, which are available from a 

range of manufacturers. Lab sources, particularly micro-focus sources, have a much lower X-ray flux 

than synchrotron sources necessitating data collection times of hours rather than minutes. Nonetheless 

access to lab sources is much more readily available than synchrotron beam-time, and excellent  

phase-contrast results can be obtained.  

The earliest lab-based studies are reported by Wilkins and co-workers [44] who applied the 

technique to paper and wood [122,123]. Zoofan and colleagues give an overview of potential for  



Materials 2012, 5                           

 

 

945

non-destructive materials evaluation including its use in the imaging of corrosion pits and porosity in 

alloys [51,124]. Arhatari and co-workers develop a model for optimizing phase-contrast in a 

polychromatic system which they applied to imaging fine cracks in aluminum [125]. 

The application of phase-retrieval methods outside of the conditions in which they are formally 

valid has been to improve the quality of imaging for materials as is demonstrated for the case of 

Aerosil granule and a hydrated bentonite gel [125].  

The benefit of phase-contrast in imaging low-density materials is demonstrated in a study of 

interfaces in graded aerogels with densities in the range of 20–200 mg/cm3 [126] and in imaging of 

deuterium-tritium fuel layer inside inertial confinement fusion fuel pellets [127]. 

Phase-contrast tomography has been applied successfully in a range of applications. These include 

the three dimensional characterization of woven composites by Djukic [50], analysis of filler 

dispersion in thermoplastic composites by Wu [128], and analysis of porosity in cold-sprayed 

titanium [129]. 

The following section highlights a number of case-studies from the authors’ work showing different 

aspects of the use of laboratory-based phase-contrast imaging applied to a wide range of materials 

characterization problems. 

3. Applications of In-Line Phase-Contrast Imaging—A Selection of Materials Science  

Case Studies 

3.1. In-Line Phase-Contrast Imaging with a Micro-Focus Source 

In this section we will briefly demonstrate the utility of phase-contrast X-ray imaging with 

microfocus sources for certain materials-science applications. The X-ray source used is a Feinfocus 

FXE-225.20 tube with a cylindrical, reflection-geometry, W target and a 250 μm thick Be window. 

The minimum source size is approximately 4 μm; the maximum accelerating voltage 225 kVp; the 

maximum tube current 3 mA; and the maximum power 320 W. The source is mounted on a large 

optical table, disposed so that the optic axis is horizontal. The distance of closest approach to the X-ray 

spot is approximately 12 mm and the optical table provides for a maximum source-to-detector distance 

of around 2 m. 

In the following sub-section we will provide examples of two-dimensional PCX imaging with 

image plates. Then in Subsection 3.1.2, we provide an example of PCX tomography with a CCD. 

3.1.2. PCX—Two-Dimensional Imaging 

The Fuji image plates used in these studies are 20 cm × 25 cm in size and are scanned in a Fuji 

BAS-5000 scanner with a 25 μm pixel size selected. The plates used (FDL-URV) are specially 

formulated to achieve high spatial resolution (~100 μm), with some concomitant sacrifice of sensitivity (see 

also [63,64] for further details). The images presented in this sub-section are shown as negatives, i.e., dark 

regions signify higher X-ray exposure and light regions lower X-ray exposure. 

As a first, very simple demonstration of the use of a laboratory-based microfocus X-ray source to 

achieve edge enhancement via phase contrast, Figure 2 shows an image collected for the top of a 

plastic bottle (empty), with the screw cap in place. The X-ray source was operated at 30 kVp, 50 μA, 
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with a source-to-sample distance of 20 cm and a sample-to-detector distance of 80 cm (experimental 

magnification of five). The exposure time was 45 s. 

Figure 2. PCX image of the top of a plastic bottle, including cap: 30 kVp, 50 μA;  

source-to-sample distance = 20 cm; sample-to-detector distance = 80 cm; exposure time 45 s. 

 

X-ray absorption is particularly obvious for the longer path-lengths through the plastic, such as at 

the top of the screw cap. Edge enhancement via phase contrast is also very clear, e.g., at the vertical 

striations on the screw cap. Phase contrast helps to delineate quite subtle features such as a small nick 

at the base of the screw cap (indicated by the vertical arrow). 

The second example (see Figure 3) is a small (~3 mm diameter) industrial diamond. The diamond 

has been mounted in a hollow glass tube. The X-ray source was operated at 30 kVp, 50 μA, with a 

source-to-sample distance of 10 cm and a sample-to-detector distance of 190 cm (experimental 

magnification of 20). The exposure time was 120 s. A number of features, defects and inclusions are 

clearly visible, some as a result of edge enhancement via phase contrast. 

The next example is for a small piece of carbon-fiber paper (Toray). This paper is used in the electrodes 

of fuel cells [130] and has excellent conductivity, very high strength, excellent gas permeability, a  

shape-memory property, and good (electrochemical) corrosion resistance. The PCX image, shown in 

Figure 4, was recorded with the X-ray source operated at 30 kVp, 40 μA, a source-to-sample distance of 

10 cm and a sample-to-detector distance of 190 cm (experimental magnification of 20). The exposure 

time was 200 s. Individual carbon fibers (diameter of the order of 10 μm) are clearly visible, with 

phase contrast being the dominant mechanism. 

Finally, in Figure 5, we present a PCX image of a cross-sectional soil sample. Such images have been 

used to map the fine root structure of certain plants in order to study mechanisms for nutrient uptake [131]. 

This image was recorded with the X-ray source operated at 30 kVp, 40 μA, a source-to-sample distance of 

10 cm and a sample-to-detector distance of 90 cm (experimental magnification of 10). The exposure 

 



Materials 2012, 5                           

 

 

947

time was 60 s. This particular image serves to demonstrate one of the extraordinary properties of image 

plates: their huge dynamic range. Whilst certain features in the image appear to be totally white or 

totally black, the raw image does actually contain considerable detail in these regions, but it is not 

possible to present the full wealth of information present, in a single representation of the data; we 

have thus chosen a representation which shows some of the finer details to best effect. 

Figure 3. PCX image of a small industrial diamond: 30 kVp, 50 μA; source-to-sample 

distance = 10 cm; sample-to-detector distance = 190 cm; exposure time 120 s. 

 
  

1mm 
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Figure 4. PCX image of a Toray carbon-paper sample (approximately 100 μm thick): 

30 kVp, 40 μA; source-to-sample distance = 10 cm; sample-to-detector distance = 190 cm; 

exposure time 200 s. 
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Figure 5. PCX image of a cross-sectional soil sample (a few mm thick): 30 kVp, 40 μA; 

source-to-sample distance = 10 cm; sample-to-detector distance = 90 cm; exposure time 60 s. 

 

3.1.3. PCX—Three-Dimensional Imaging (Micro-Tomography) 

One of the products developed by HySSIL Pty Ltd., incorporating CSIRO research and 

development, is a light-weight, high-strength concrete [132]. This concrete has a high degree of 

porosity and an important aspect of characterizing this material is visualizing, non-destructively, this 

porous nature in three dimensions. For this application we used PCX tomography, with the microfocus 

X-ray source described above. However, in order to collect multiple images for a tomographic data set, 

it is not practical to employ image plates and we used a CCD. This Peltier-cooled, hard X-ray CCD 

was supplied by XCAM Ltd. and has 2048 × 2048 13.5 μm pixels. There is a fiber-optic screen  

hard-bonded directly onto the CCD plus a (field-replaceable) 3 mm thick fiber-optic face-plate coated 

with a 200 μm layer of structured CsI. The data was collected with the X-ray source operated at 

60 kVp, 25 μA, a source-to-sample distance of 31 cm and a sample-to-detector distance of 19 cm 

(experimental magnification of 1.6). Multiple images (5 × 80 s exposure time) were collected at each 

angular step (2° intervals over 360°) together with flat-field and dark-current images. This raw data 
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was pre-processed and then cone-beam tomographic reconstruction was performed, using the software 

package X-TRACT [133]. A rendered view of the reconstructed data is shown in Figure 6. The 

smallest pores are of the order of 100 μm in size. Such three-dimensional data provides the opportunity 

to not only quantify the degree of porosity as a whole, but also obtain information on the size 

distribution, connectivity and geometry of pores. 

Figure 6. Rendered view of reconstructed PCX tomography data for a small (maximum 

side length ~1 cm) sample of HySSIL light-weight, high-strength concrete: 60 kVp, 25 μA; 

source-to-sample distance = 31 cm; sample-to-detector distance = 19 cm. 
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3.2. Higher-Resolution X-Ray Microscopy and Micro-CT Using the XuM 

The XuM is a high-resolution X-ray microscope, based around a scanning electron microscope 

(SEM) [134]. This instrument generates X-rays by focusing the electron-beam of the SEM onto a 

metal foil target (usually tantalum), generating an X-ray source down to 100 nm in size, depending on 

the target material. X-rays from this source pass through a sample and form an image on detector 

water-cooled Princeton instruments LCX detector. This is based around a 1300 × 1340 pixel  

deep-depletion CCD working in direct detection mode. The maximum accelerating voltage of the 

microscope is around 30 kV, which, together with the sensitivity range of the CCD, sets the useable  

X-ray range at 3–15 keV. The instrument is most typically used between 10× and 100× magnification, 

and since the pixel size of the CCD is 20 μm, has much higher potential resolution for imaging than a 

typical microfocus source. The relatively soft X-ray energies coupled with the very small source size 

make this an ideal instrument for in-line phase-contrast imaging. A typical image acquisition time is 

around a minute, however, higher quality 2D images are created by summing 5–10 such images. 

Tomographuc data collection typically consists of 720 images of one minute exposure time, with a 

total data collection time of around 14 h. 

The following section outlines three applications of in-line phase-contrast using the XuM to 

different materials characterization tasks, drawing out different aspects of phase contrast. 

3.2.1. Crack in Carbon Coating on Multi-Layer Coated Zirconia Sphere 

As noted above phase-contrast imaging is very sensitive to cracks, voids and boundaries, as these 

features all represent a sharp change in X-ray refractive index in the sample, which gives rise to  

phase-contrast fringes in the image.  

Figure 7 shows an XuM image of a multi-layer fuel-pellet model consisting of a zirconia core 

coated with a thin buffer layer followed by two pyrolitic carbon layers separated by a layer of silicon 

carbide. This type of sample is a model for TRISO fuel particles used in nuclear applications in which 

the particle core would be uranium dioxide [135]. The edge enhancement of the phase contrast makes 

the boundaries clearly visible, including very low-contrast boundaries like that between the buffer 

layer and the pyrolytic carbon, which shows some unevenness in the thickness of the buffer layer. 

The image also highlights the presence of a fine crack in the outer pyrolitic layer, which was 

possible to determine (by rotating the sample) as being restricted to this layer only. Although the 

outside of the sample would be amenable to SEM analysis which might detect a crack, X-ray phase 

contrast gives much greater information on the penetration of the crack into the internal structure and 

the integrity of the internal layers. This is an example where a limited number of 2D images is 

sufficient to determine the quality of the layers in the sample. For more complex structures 

tomographic methods are typically required. 
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Figure 7. 2D Phase-contrast X-ray image of a fuel pellet consisting of layers of pyrolitic 

carbon and silicon carbide on a zirconia core. In the main image a crack can be seen, 

highlighted by phase-contrast, in the outer pyrolitic carbon layer. The inset is a lower 

magnification image providing an overview of the whole sample, approximately 800 μm  

in diameter. 

 

3.2.2. Fibrous Tissue Scaffolds—3D Characterization of Almost X-ray Transparent Materials 

In addition to sensitivity to cracks and voids, phase contrast is much more senstive to low-density 

materials than conventional methods. This is demonstrated below in the case of a study of the different 

morphology of fibrous tissue scaffolds for cell growth. This type of material is being actively 

researched for tissue engineering and repair [136,137]. Three such structures were examined: Two 

consisted of a loose mesh of different densities composed of fibers in the range of 20–25 μm diameter, 

while the third was a finer electro-spun mesh with fibres ranging from approximately 10 μm to as 

small as a micron across. These were all scanned in the XuM using a tantalum foil target for X-ray 

generation, giving an X-ray spectrum dominated by 8 keV X-rays. Tomographic data were acquired 

for each sample. 
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Figure 8 shows a comparison between a raw 2D phase-contrast image of the first sample at high 

magnification, and the image after it has been processed by phase-retrieval using Paganin’s 

algorithm [59]. The inset to the figure shows line profiles through the same fibre in each image. The 

profile from the phase-contrast image shows how strongly the contrast is dominated by the fringes at 

the edge of the fibre, and how weak the absorption contrast is relative to the noise in the image. The 

profile from the phase-retrieved image corresponds much more closely to the expected thickness 

profile and has much better signal to noise.  

Figure 8. Left, close up phase-contrast image of tissue scaffold consisting of polymer 

fibers approximately 20 μm in diameter; right, the effect of phase-retrieval applied to the 

left hand image; inset, line profiles through the same fiber in each image. 

 

For phase-contrast tomography as in this case, the raw phase-contrast images are usually processed 

by phase-retrieval prior to tomographic reconstruction. This result is a far cleaner reconstruction with 

much improved signal to noise characteristics that is much more amenable to 3D rendering for data 

exploration and image segmentation for quantitative analysis. Reconstruction can be done without 

phase retrieval in which case the edge-enhanced nature of the images is preserved in the 3D 

reconstruction. This can be valuable to highlight cracks or voids, however it also can enhance certain 

types of tomographic artefacts, such as those arising from rotation stage misalignment, and it is also 

problematic for image segmentation.  

Figure 9 shows 3D rendered views of each of the three samples produced using Avizo® software. 

The workflow incorporating phase-contrast imaging, phase-retrieval and tomographic reconstruction 

has produced high quality data suitable for quantitative analysis. As these samples are so weakly 

absorbing of X-rays, absorption contrast would have been insufficient to produce high-quality data. 

This is particularly the case for the electro-spun sample in which the finer fibers would have been 

completely invisible in an absorption-contrast image. 
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Figure 9. 3D rendered views of tomographic datasets for each of the three scaffolds, the 

electro-spun scaffold is on the right and is ~100 μm thick. The width of the samples is 

approximately 2 mm in each case. 

 

3.2.3. Self Healing Polymers—The Complementary Nature of Phase and Absorption Contrast 

Self-healing materials contain components, which allow them to self-repair cracks as they occur 

improving the lifetime of the materials. In this study we investigated a self-healing PMMA-PS 

composite polymer material, which incorporated capsules of dichlorobenzene (DCB) solvent 

approximately 60 μm in diameter. If the polymer cracked, the solvent was released from the ruptured 

capsules and dissolved the surrounding polymer in the crack region, enabling it to flow into the crack 

and repair it. The effectiveness of the healing process was investigated by producing cylinders of the 

materials, approximately 2 mm in diameter, cracking them and allowing them to heal. 

Two samples were scanned using X-ray phase-contrast tomography in the XuM using a tantalum 

foil X-ray target generating X-rays with an average energy of 8 keV. One was scanned seven days 

after healing and another after three months.  

Figure 10 shows 2D images of the three-month sample in the region of the crack. The solvent 

capsules are visible due to absorption contrast as the DCB solvent is of a higher density than the 

polymer; a number of empty capsules and the partially-healed crack itself are made visible through 

phase contrast which enhances the edges of these features. 

Phase retrieval was applied to the raw data prior to tomographic reconstruction. This resulted in 

data of sufficient quality for quantitative analysis. The reconstructed data was segmented using Avizo® 

software which initially was used to separate the materials into empty capsules, capsules full of 

solvent, polymer matrix and the crack. This analysis showed that, as expected, capsules in the vicinity 

of the crack had ruptured and partially healed the crack region. As the plane of the crack was 

approximately horizontal this could be quantified by plotting the average volume of full vs. empty 

capsules running down the vertical axis of the sample. Figure 11 shows tomographic cross sections and 

3D rendered views of the two samples. The rendered views clearly show the absence of full capsules in 

the plane of the crack, and also the larger number of empty capsules in the aged sample. 
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Figure 10. 2D X-ray phase-contrast images of the partially healed crack in a cylinder of a 

polymer. The solvent capsules appear as dark circular regions due to X-ray absorption 

whilst the edges of the empty capsules and the crack are highlighted by phase-contrast. 

 

Figure 11. Upper row; a tomographic cross section, a segmented cross section and a 3D 

rendered view of the seven-day healed sample showing full capsules as purple and empty 

ones as green (sample diameter 2 mm). Note the band of empty capsules around the crack. 

Lower row; two tomographic sections in different orientations and a 3D rendered view of 

the three-month healed sample. Note the much higher proportion of empty capsules in 

regions away from the crack relative to the seven-day healed sample. 
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A secondary component of the analysis was focused on the effect of aging on the sample. This 

followed from the observation that although both samples had many more empty capsules in the 

vicinity of the crack, the three-month old samples showed significantly more empty capsules in  

non-crack regions than the seven-day sample. The empty capsules appear to coincide with denser 

regions of polymer that occur where solvent has been released, as can be observed in the healed crack. 

To quantify this qualitative observation and to compare the surface contact area of each type with full 

versus empty capsules, the data for the three-month old sample was further segmented to separate 

denser and less dense polymer. This confirmed that the denser polymer regions corresponded to empty 

capsules and that spontaneous rupture of capsules was an issue with aging in this material. Further 

details on this study can be found in papers by Mookhoek and co-workers [138,139]. 

4. Conclusions and Future Directions 

In the 17 years since it was first demonstrated with hard X-rays, in-line phase-contrast imaging and 

tomography has demonstrated its worth in a wide variety of applications in materials science. A 

particular advantage of the technique compared to some other phase-contrast methods is that it is 

applicable in a laboratory setting using standard polychromatic X-ray sources. Furthermore it is very 

simple to implement and in some cases only one image is required to perform phase-retrieval. This 

means that in-line phase-contrast in a synchrotron setting can readily be applied in high-speed 

tomography applications, or applications requiring sample environments or complex stages for  

in situ experiments.  

Operating in edge-enhanced mode is now routine at many synchrotron micro-tomography 

beamlines. The laboratory-based micro-CT community has not yet taken up the use of phase-contrast 

methods to the same extent, however usage is growing. Micro-focus X-ray sources with source sizes 

down to 5 μm have been available for a number of years, but smaller source-sizes down to below a 

micron in X-ray sources are now available commercially for high-resolution micro-CT. Other exciting 

developments in the area of laboratory-based microfocus X-ray sources include rotating-anode and 

liquid-target versions, offering the promise of higher fluxes without an associated increase in source 

size. Alternatively the use of high-resolution detectors, such as in systems built by Xradia, enables 

higher-resolution imaging than the source size whilst still retaining good phase contrast. With such 

sources and detectors, phase-contrast imaging is much easier to achieve, and in some cases, where lower 

energies are being used, is almost unavoidable. In the light of this, in-line phase-contrast X-ray imaging 

and tomography may become as routine in the lab as it is increasingly becoming at synchrotrons. 

Acknowledgements 

We wish to thank Peter Humble, Neil Avery, Alain Pierret, and David Devenish/Swee Mak for 

providing samples and guidance with respect to the diamond, carbon-paper, soil and concrete 

applications respectively. We also thank Louis Kyratzis, XRT Ltd. and Steven Mookhoek for samples 

and guidance with respect to the electro-spun membranes, fuel pellet and self-healing polymer samples 

respectively. Finally, we would like to thank XRT Ltd for sponsoring the development of the XuM. 

 



Materials 2012, 5                           

 

 

957

References and Notes 

1. Hounsfield, G.N. Computerized transverse axial scanning (tomography) 1. Description of 

system. Br. J. Radiol. 1973, 46, 1016–1022. 

2. Ambrose, J.; Hounsfield, G.N. Compuertized transverse axial tomography. Br. J. Radiol. 1973, 

46, 148–149. 

3. Kujoory, M.A.; Hillman, B.J.; Barrett, H.H. High-Resolution computed-tomography of the 

normal rat nephrogram. Invest. Radiol. 1980, 15, 148–154. 

4. Elliott, J.C.; Dover, S.D. X-ray microtomography. J. Microsc. 1982, 126, 211–213. 

5. Elliott, J.C.; Dover, S.D. X-ray microscopy using computerized axial-tomography. J. Microsc. 

1985, 138, 329–331. 

6. Sasov, A.; van Dyck, D. Desktop X-ray microscopy and microtomography. J. Microsc. 1998, 

191, 151–158. 

7. Elliott, J.C.; Bowen, D.K.; Dover, S.D.; Davies, S.T. X-ray microtomography of biological 

tissues using laboratory and synchrotron sources. Biol. Tr. Elem. Res. 1987, 13, 219–227. 

8. Jones, A.C.; Arns, C.H.; Hutmacher, D.W.; Milthorpe, B.K.; Sheppard, A.P.; Knackstedt, M.A. 

The correlation of pore morphology, interconnectivity and physical properties of 3D ceramic 

scaffolds with bone ingrowth. Biomaterials 2009, 30, 1440–1451. 

9. Maire, E.; Buffiere, J.Y.; Salvo, L.; Blandin, J.J.; Ludwig, W.; Letang, J.M. On the application of 

X-ray microtomography in the field of materials science. Adv. Eng. Mater. 2001, 3, 539–546. 

10. Stock, S.R. X-ray microtomography of materials. Int. Mater. Rev. 1999, 44, 141–164. 

11. Van Geet, M.; Swennen, R.; Wevers, M. Towards 3-D petrography: Application of microfocus 

computer tomography in geological science. Comput. Geosci. 2001, 27, 1091–1099. 

12. Stock, S.R. Recent advances in X-ray microtomography applied to materials. Int. Mater. Rev. 

2008, 53, 129–181. 

13. Feser, M.; Gelb, J.; Chang, H.; Cui, H.; Duewer, F.; Lau, S.H.; Tkachuk, A.; Yun, W.  

Sub-micron resolution CT for failure analysis and process development. Meas. Sci. Technol. 

2008, 19, 8. 

14. Sasov, A.; Ceulemans, T.; van Dyck, D. Desk-top X-ray microtomography. In Metrology-based 

Control for Micro-Manufacturing; Tobin, K.W., Lakhani, F., Eds.; SPIE—International Society 

Optical Engineering: Bellingham, WA, USA, 2001; Volume 4275, pp. 147–154. 

15. Ando, M.; Hoyosa, S. Attempt at X-ray phase-contrast microscopy. In Proceedings of the 6th 

International Conference of X-ray Optics and Microanalysis; Shinoda, G., Kohra, K., 

Ichinokawa, T., Eds.; University of Tokyo Press: Tokyo, Japan, 1972; pp. 63–68. 

16. Bonse, U.; Hart, M. An X-ray interferometer. Appl. Phys. Lett. 1965, 6, 155–156. 

17. Momose, A.; Takeda, T.; Itai, Y. Phase-contrast X-ray computed-tomography for observing 

biological specimens and organic materials, In Proceeddings of 5th International Conference on 

Synchrotron Radiation Instrumentation, Stony Brook, NY, USA, 18–22 July 1994; pp. 1434–1436. 

18. Forster, E.; Goetz, K.; Zaumseil, P. Double crystal diffractometry for the characterization of 

targets for laser fusion experiments. Kristall Technik 1980, 15, 937–945. 



Materials 2012, 5                           

 

 

958

19. Goetz, K.; Kalashnikov, M.P.; Mikhailov, Y.A.; Sklizkov, G.V.; Fedetov, S.I.; Foerster, E.; 

Zaumseil, P. Measurements of the parameters of shell targets for laser thermonuclear fusion 

using an X-ray schlieren method. Sov. J. Quantum Electr. 1978, 9, 607–610. 

20. Tkachuk, A.; Duewer, F.; Cui, H.; Feser, M.; Wang, S.; Yun, W. X-ray computed tomography in 

Zernike phase contrast mode at 8 keV with 50-nm resolution using Cu rotating anode X-ray 

source. Z. Kristallogr. 2007, 222, 650–655. 

21. Izzo, J.R.; Joshi, A.S.; Grew, K.N.; Chiu, W.K.S.; Tkachuk, A.; Wang, S.H.; Yun, W. 

Nondestructive reconstruction and analysis of SOFC anodes using X-ray computed tomography 

at sub-50 nm resolution. J. Electrochem. Soc. 2008, 155, B504–B508. 

22. Kohmura, Y.; Takeuchi, A.; Takano, H.; Suzuki, Y.; Ishikawa, T. Zernike phase-contrast X-ray 

microscope with an X-ray refractive lens. J. Phys. IV 2003, 104, 603–606. 

23. Schmahl, G.; Rudolph, D.; Schneider, G.; Guttmann, P.; Niemann, B. Phase-contrast X-ray 

Microscopy Studies. Optik 1994, 97, 181–182. 

24. Palmer, J.R.; Morrison, G.R. Differential phase-contrast imaging in the scanning-transmission  

X-ray microscope. In OSA Proceedings on Short-Wavelength Coherent Radiation: Generation 

and Applications; Bucksbaum, P.H., Ceglio, N.M., Eds.; Optical Society of America: 

Washington, DC, USA, 1991; Volume 11, pp. 141–145. 

25. Feser, M.; Jacobsen, C.; Rehak, P.; DeGeronimo, G. Scanning transmission X-ray microscopy 

with a segmented detector. J. Phys. IV 2003, 104, 529–534. 

26. Chapman, H.N.; Jacobsen, C.; Williams, S. Applications of a CCD detector in scanning-transmission 

X-ray microscope. Rev. Sci. Instrum. 1995, 66, 1332–1334. 

27. Momose, A. Phase-sensitive imaging and phase tomography using X-ray interferometers. Opt. 

Express 2003, 11, 2303–2314. 

28. Weitkamp, T.; Diaz, A.; David, C.; Pfeiffer, F.; Stampanoni, M.; Cloetens, P.; Ziegler, E. X-ray 

phase imaging with a grating interferometer. Opt. Express 2005, 13, 6296–6304. 

29. David, C.; Nohammer, B.; Solak, H.H.; Ziegler, E. Differential X-ray phase contrast imaging 

using a shearing interferometer. Appl. Phys. Lett. 2002, 81, 3287–3289. 

30. Miao, J.W.; Charalambous, P.; Kirz, J.; Sayre, D. Extending the methodology of X-ray 

crystallography to allow imaging of micrometre-sized non-crystalline specimens. Nature 1999, 

400, 342–344. 

31. Putkunz, C.T.; Clark, J.N.; Vine, D.J.; Williams, G.J.; Pfeifer, M.A.; Balaur, E.; McNulty, I.; 

Nugent, K.A.; Peele, A.G. Phase-diverse coherent diffractive imaging: High sensitivity with low 

dose. Phys. Rev. Lett. 2011, 106, 013903:1–013903:4. 

32. Pfeiffer, M.A.; Williams, G.J.; Vartanyants, I.A.; Harder, R.; Robinson, I.K. Three-dimensional 

mapping of a deformation field inside a nanocrystal. Nature 2006, 442, 63–66. 

33. Kagoshima, Y.; Ibuki, T.; Yokoyama, Y.; Tsusaka, Y.; Matsui, J.; Takai, K.; Aino, M. 10 keV  

X-ray phase-contrast microscopy for observing transparent specimens. Jpn. J. Appl. Phys. Pt. 2 

2001, 40, L1190–L1192. 

34. Kuwabara, H.; Yashiro, W.; Harasse, S.; Mizutani, H.; Momose, A. Hard-X-ray phase-difference 

microscopy with a low-brilliance laboratory X-ray source. Appl. Phys. Express 2011, 4,  

062502:1–062502:3. 



Materials 2012, 5                           

 

 

959

35. Li, W.; Wang, N.; Chen, J.; Liu, G.; Pan, Z.; Guan, Y.; Yang, Y.; Wu, W.; Tian, J.; Wei, S.; et al. 

Quantitative study of interior nanostructure in hollow zinc oxide particles on the basis of 

nondestructive X-ray nanotomography. Appl. Phys. Lett. 2009, 95, 053108:1–053108:3. 

36. Takeya, S.; Yoneyama, A.; Miyamoto, J.; Gotoh, Y.; Ueda, K.; Hyodo, K.; Takeda, T.  

Phase-contrast X-ray imaging of the gas diffusion layer of fuel cells. J. Synchrotron. Radiat. 

2010, 17, 813–816. 

37. Pfeiffer, F.; Bunk, O.; Kottler, C.; David, C. Tomographic reconstruction of three-dimensional 

objects from hard X-ray differential phase contrast projection images. Nucl. Instrum. Meth. Phys. 

Res. 2007, 580, 925–928. 

38. Muller, B.R.; Lange, A.; Harwardt, M.; Hentschel, M.P. Synchrotron-based micro-CT and 

refraction-enhanced micro-CT for non-destructive materials characterisation. Adv. Eng. Mater. 

2009, 11, 435–440. 

39. Maksimenko, A.; Ando, M.; Sugiyama, H.; Hashimoto, E. Possibility of computed tomographic 

reconstruction of cracks from X-ray refraction contrast. Jpn. J. Appl. Phys. Pt. 2 2005, 44,  

L633–L635. 

40. Gabor, D. A new microscopic principle. Nature 1948, 161, 777–778. 

41. Jacobsen, C.; Howells, M.; Kirz, J.; Rothman, S. X-ray holographic microscopy using 

photoresists. J. Opt. Soc. Am. A 1990, 7, 1847–1861. 

42. Snigirev, A.; Snigireva, I.; Kohn, V.; Kuznetsov, S.; Schelokov, I. On the possibilities of X-ray 

phase contrast microimaging by coherent high-energy synchrotron radiation. Rev. Sci. Instrum. 

1995, 66, 5486–5492. 

43. Wilkins, S.W. Simplified conditions and configurations for phase-contrast imaging with hard  

X-rays. PCT/AU96/00178, 1995. 

44. Wilkins, S.W.; Gureyev, T.E.; Gao, D.; Pogany, A.; Stevenson, A.W. Phase-contrast imaging 

using polychromatic hard X-rays. Nature 1996, 384, 335–338. 

45. Cloetens, P.; Barrett, R.; Baruchel, J.; Guigay, J.P.; Schlenker, M. Phase objects in synchrotron 

radiation hard X-ray imaging. J. Phys. D 1996, 29, 133–146. 

46. Cloetens, P.; PateyronSalome, M.; Buffiere, J.Y.; Peix, G.; Baruchel, J.; Peyrin, F.; Schlenker, 

M. Observation of microstructure and damage in materials by phase sensitive radiography and 

tomography. J. Appl. Phys. 1997, 81, 5878–5886. 

47. Wilkins, S.W.; Gao, D.; Gureyev, T.; Pogany, A.; Stevenson, A.W. X-ray phase-contrast 

radiography. Radiology 1997, 205, 907–907. 

48. Peele, A.G.; De Carlo, F.; McMahon, P.J.; Dhal, B.B.; Nugent, K.A. X-ray phase contrast 

tomography with a bending magnet source. Rev. Sci. Instrum. 2005, 76, 083707:1–083707:5.  

49. Weitkamp, T.; Raven, C.; Snigirev, A. An imaging and microtomography facility at the ESRF 

beamline ID 22. In Developments in X-Ray Tomography Ii; Bonse, U., Ed.; SPEI—International 

Society Optical Engineering: Bellingham, WA, USA, 1999; Volume 3772, pp. 311–317. 

50. Djukic, L.P.; Herszberg, I.; Schoeppner, G.A.; Brownlow, L.A. Tow Visualisation in Woven 

Composites using X-ray Computed Tomography. In Recent Advances in Textile Composites; 

Advani, S.G., Gillespie, J.W., Eds.; DEStech Publications: Lancaster, PA, USA, 2008.  

51. Zoofan, B.; Kim, J.Y.; Rokhlin, S.I.; Frankel, G.S. Phase-contrast X-ray imaging for 

nondestructive evaluation of materials. J. Appl.Phys. 2006, 100, 014502:1–014502:7. 



Materials 2012, 5                           

 

 

960

52. Mayo, S.C.; Miller, P.R.; Wilkins, S.W.; Davis, T.J.; Gao, D.; Gureyev, T.E.; Paganin, D.; Parry, 

D.J.; Pogany, A.; Stevenson, A.W. Quantitative X-ray projection microscopy: Phase-contrast and 

multi-spectral imaging. J. Microsc. 2002, 207, 79–96. 

53. Yoshimura, H.; Shoutsu, D.; Horikoshi, T.; Chiba, H.; Kumagai, S.; Takahashi, K.; Mitsui, T. 

Application of SEM-modified X-ray microscope to entomology and histology, and effects of  

X-ray coherence in imaging. J. Electron. Microsc. 2000, 49, 621–628. 

54. Attwood, D. Soft X-Rays & Extreme Ultraviolet Radiation: Principles and Applications; 

Cambridge University Press: Cambridge, UK, 1999. 

55. Pogany, A.; Gao, D.; Wilkins, S.W. Contrast and resolution in imaging with a microfocus X-ray 

source. Rev. Sci. Instrum. 1997, 68, 2774–2782. 

56. Gureyev, T.E.; Raven, C.; Snigirev, A.; Snigireva, I.; Wilkins, S.W. Hard X-ray quantitative  

non-interferometric phase-contrast microscopy. J. Phys. D 1999, 32, 563–567. 

57. Nugent, K.A.; Gureyev, T.E.; Cookson, D.F.; Paganin, D.; Barnea, Z. Quantitative phase 

imaging using hard x rays. Phys. Rev. Lett. 1996, 77, 2961–2964. 

58. Bronnikov, A.V. Reconstruction formulas in phase-contrast tomography. Opt. Commun. 1999, 

171, 239–244. 

59. Paganin, D.; Mayo, S.C.; Gureyev, T.E.; Miller, P.R.; Wilkins, S.W. Simultaneous phase and 

amplitude extraction from a single defocused image of a homogeneous object. J. Microsc. 2002, 

206, 33–40. 

60. Groso, A.; Abela, R.; Stampanoni, M. Implementation of a fast method for high resolution phase 

contrast tomography. Opt. Express 2006, 14, 8103–8110. 

61. De Witte, Y.; Boone, M.; Vlassenbroeck, J.; Dierick, M.; Van Hoorebeke, L. Bronnikov-aided 

correction for X-ray computed tomography. J. Opt. Soc. Am. A-Opt. Image Sci. Vis. 2009, 26, 

890–894. 

62. Cloetens, P.; Ludwig, W.; Baruchel, J.; Van Dyck, D.; Van Landuyt, J.; Guigay, J.P.; Schlenker, 

M. Holotomography: Quantitative phase tomography with micrometer resolution using hard 

synchrotron radiation x rays. Appl. Phys. Lett. 1999, 75, 2912–2914. 

63. Gureyev, T.E.; Mayo, S.; Wilkins, S.W.; Paganin, D.; Stevenson, A.W. Quantitative in-line 

phase-contrast imaging with multienergy x rays. Phys. Rev. Lett. 2001, 86, 5827–5830. 

64. Gureyev, T.E.; Nesterets, Y.I.; Stevenson, A.W.; Miller, P.R.; Pogany, A.; Wilkins, S.W. Some 

simple rules for contrast, signal-to-noise and resolution in in-line X-ray phase-contrast imaging. 

Opt. Express 2008, 16, 3223–3241. 

65. Gureyev, T.E.; Mayo, S.C.; Myers, D.E.; Nesterets, Y.; Paganin, D.M.; Pogany, A.; 

Stevenson, A.W.; Wilkins, S.W. Refracting Rontgen’s rays: Propagation-based X-ray phase 

contrast for biomedical imaging. J. Appl. Phys. 2009, 105, 102005:1–102005:12. 

66. Olivo, A.; Speller, R. Experimental validation of a simple model capable of predicting the phase 

contrast imaging capabilities of any X-ray imaging system. Phys. Med.Biol. 2006, 51,  

3015–3030. 

67. Zabler, S.; Cloetens, P.; Guigay, J.P.; Baruchel, J.; Schlenker, M. Optimization of phase contrast 

imaging using hard x rays. Rev. Sci. Instrum. 2005, 76, 073705:1–073705:7. 

68. Rytov, S.M.; Kravtsov, Y.A.; Tatarskii, V.I. Principles of Statistical Radiophysics, Vol. 4: Wave 

Propagation through Random Media; Springer-Verlag: Berlin, German, 1989. 



Materials 2012, 5                           

 

 

961

69. Teague, M.R. Deterministic phase retrieval—A green-function solution. J. Opt. Soc. Am. 1983, 

73, 1434–1441. 

70. Gureyev, T.E.; Stevenson, A.W.; Paganin, D.; Mayo, S.C.; Pogany, A.; Gao, D.; Wilkins, S.W. 

Quantitative methods in phase-contrast X-ray imaging. J. Digit. Imaging 2000, 13, 121–126. 

71. Weitkamp, T.; Haas, D.; Wegrzynek, D.; Rack, A. ANKAphase: software for single-distance 

phase retrieval from inline X-ray phase-contrast radiographs. J. Synchrotron. Radiat. 2011, 18, 

617–629. 

72. Wu, X.Z.; Liu, H. X-Ray cone-beam phase tomography formulas based on phase-attenuation 

duality. Opt. Express 2005, 13, 6000–6014. 

73. Chen, R.C.; Rigon, L.; Longo, R. Quantitative 3D refractive index decrement reconstruction 

using single-distance phase-contrast tomography data. J. Phys. D Appl. Phys. 2011, 44, 9. 

74. Chen, R.C.; Xie, H.L.; Rigon, L.; Longo, R.; Castelli, E.; Xiao, T.Q. Phase retrieval in 

quantitative X-ray microtomography with a single sample-to-detector distance. Opt. Lett. 2011, 

36, 1719–1721. 

75. Burvall, A.; Lundstrom, U.; Takman, P.A.C.; Larsson, D.H.; Hertz, H.M. Phase retrieval in  

X-ray phase-contrast imaging suitable for tomography. Opt. Express 2011, 19, 10359–10376. 

76. Beltran, M.A.; Paganin, D.M.; Uesugi, K.; Kitchen, M.J. 2D and 3D X-ray phase retrieval of 

multi-material objects using a single defocus distance. Opt. Express 2010, 18, 6423–6436. 

77. Myers, G.R.; Gureyev, T.E.; Paganin, D.M.; Mayo, S.C. The binary dissector: Phase contrast 

tomography of two- and three-material objects from few projections. Opt. Express 2008, 16, 

10736–10749. 

78. Myers, G.R.; Paganin, D.M.; Gureyev, T.E.; Mayo, S.C. Phase-contrast tomography of  

single-material objects from few projections. Opt. Express 2008, 16, 908–919. 

79. Arhatari, B.D.; Hannah, K.; Balaur, E.; Peele, A.G. Phase imaging using a polychromatic X-ray 

laboratory source. Opt. Express 2008, 16, 19950–19956. 

80. Gureyev, T.E.; Paganin, D.M.; Stevenson, A.W.; Mayo, S.C.; Wilkins, S.W. Generalized eikonal 

of partially coherent beams and its use in quantitative imaging. Phys. Rev. Lett. 2004, 93, 

068103:1–068103:4 

81. Gureyev, T.E.; Davis, T.J.; Pogany, A.; Mayo, S.C.; Wilkins, S.W. Optical phase retrieval by use 

of first Born-and Rytov-type approximations. Appl. Opt. 2004, 43, 2418–2430. 

82. Hofmann, R.; Moosmann, J.; Baumbach, T. Criticality in single-distance phase retrieval. Opt. 

Express 2011, 19, 25881–25890. 

83. Turner, L.D.; Dhal, B.B.; Hayes, J.P.; Mancuso, A.P.; Nugent, K.A.; Paterson, D.; Scholten, 

R.E.; Tran, C.Q.; Peele, A.G. X-ray phase imaging: Demonstration of extended conditions with 

homogeneous objects. Opt. Express 2004, 12, 2960–2965. 

84. Buffiere, J.Y.; Maire, E.; Cloetens, P.; Lormand, G.; Fougeres, R. Characterization of internal 

damage in a MMCp using X-ray synchrotron phase contrast microtomography. Acta Mater. 

1999, 47, 1613–1625. 

85. Buffiere, J.Y.; Maire, E.; Verdu, C.; Cloetens, P.; Pateyron, M.; Peix, G.; Baruchel, J. Damage 

assessment in an Al/SiC composite during monotonic tensile tests using synchrotron X-ray 

microtomography. Mater. Sci. Eng. A-Struct. Mater. 1997, 234, 633–635. 



Materials 2012, 5                           

 

 

962

86. Buffiere, J.Y.; Savelli, S.; Maire, E. Characterisation of MMCp and Cast Aluminium Alloys; 

Hermes Science Publications: Paris, France, 2000; pp. 103–113. 

87. Kohn, V.G.; Argunova, T.S.; Je, J.H. Study of micropipe structure in SiC by X-ray phase 

contrast imaging. Appl. Phys. Lett. 2007, 91, 171901:1–171901:3. 

88. Argunova, T.S.; Gutkin, M.Y.; Je, J.H.; Mokhov, E.N.; Nagalyuk, S.S.; Hwu, Y. SR phase 

contrast imaging to address the evolution of defects during SiC growth. Phys. Status Solid.  

A Appl. Mat. 2011, 208, 819–824. 

89. Velhinho, A.; Sequeira, P.D.; Martins, R.; Vignoles, G.; Fernandes, F.B.; Botas, J.D.;  

Rocha, L.A. Evaluation of Al/SiC wetting characteristics in functionally graded metal-matrix 

composites by synchrotron radiation microtomography. Mater. Sci. Forum 2003, 423–425,  

263–268. 

90. Ignatiev, K.I.; Lee, W.K.; Fezzaa, K.; Stock, S.R. Phase contrast stereometry: Fatigue crack 

mapping in three dimensions. Philos. Mag. 2005, 85, 3273–3300. 

91. Herbig, M.; King, A.; Reischig, P.; Proudhon, H.; Lauridsen, E.M.; Marrow, J.; Buffiere, J.-Y.; 

Ludwig, W. 3-D growth of a short fatigue crack within a polycrystalline microstructure  

studied using combined diffraction and phase-contrast X-ray tomography. Acta Mater. 2011, 59,  

590–601. 

92. Birosca, S.; Buffiere, J.Y.; Garcia-Pastor, F.A.; Karadge, M.; Babout, L.; Preuss, M.  

Three-dimensional characterization of fatigue cracks in Ti-6246 using X-ray tomography and 

electron backscatter diffraction. Acta Mater. 2009, 57, 5834–5847. 

93. Toda, H.; Sinclair, I.; Buffiere, J.Y.; Maire, E.; Connolley, T.; Joyce, M.; Khor, K.H.; Gregson, 

P. Assessment of the fatigue crack closure phenomenon in damage-tolerant aluminium alloy by  

in-situ high-resolution synchrotron X-ray microtomography. Philos. Mag. 2003, 83, 2429–2448. 

94. Toda, H.; Sinclair, I.; Buffiere, J.Y.; Maire, E.; Khor, K.H.; Gregson, P.; Kobayashi, T. A 3D 

measurement procedure for internal local crack driving forces via synchrotron X-ray 

microtomography. Acta Mater. 2004, 52, 1305–1317. 

95. Yamamoto, S.; Toda, H.; Qian, L.; Ohgaki, T.; Kobayashi, M.; Kobayashi, T.; Uesugi, K. 

Assessment of damage and fracture behaviors in a cast aluminum alloy via in-situ synchrotron 

microtomography. Mater. Sci. Forum 2006, 519–521, 1005–1010. 

96. Kobayashi, T.; Toda, H. Strength and fracture of aluminium alloys. Mater. Sci. Forum 2007, 

539–543, 127–134. 

97. Toda, H.; Ohgaki, T.; Uesugi, K.; Kobayashi, M.; Kuroda, N.; Kobayashi, T.; Niinomi, M.; 

Akahori, T.; Makii, K.; Aruga, Y. Quantitative assessment of microstructure and its effects on 

compression behavior of aluminum foams via high-resolution synchrotron X-ray tomography. 

Metall. Mater. Trans. A 2006, 37A, 1211–1219. 

98. Toda, H.; Ohgaki, T.; Uesugi, K.; Makii, K.; Aruga, Y.; Toshikazu, A.; Niinomi, M.; Kobayashi, 

T. In-situ observation of fracture of aluminium foam using synchrotron X-ray microtomography. 

Key Eng. Mater. 2005, 297–300, 1189–1195. 

99. Hu, Z.W.; De Carlo, F. Noninvasive three-dimensional visualization of defects and crack 

propagation in layered foam structures by phase-contrast microimaging. Scripta Mater. 2008, 59, 

1127–1130. 



Materials 2012, 5                           

 

 

963

100. Sinnett-Jones, P.E.; Browne, M.; Ludwig, W.; Buffiere, J.Y.; Sinclair, I. Microtomography 

assessment of failure in acrylic bone cement. Biomaterials 2005, 26, 6460–6466. 

101. Marinoni, N.; Voltolini, M.; Mancini, L.; Vignola, P.; Pagani, A.; Pavese, A. An investigation of 

mortars affected by alkali-silica reaction by X-ray synchrotron microtomography: A preliminary 

study. J. Mater. Sci. 2009, 44, 5815–5823. 

102. Baruchel, J.; Lodini, A.; Romanzetti, S.; Rustichelli, F.; Scrivani, A. Phase-contrast imaging of 

thin biomaterials. Biomaterials 2001, 22, 1515–1520. 

103. Coindreau, O.; Mulat, C.; Germain, C.; Lachaud, J.; Vignoles, G.L. Benefits of X-ray CMT for 

the Modeling of C/C Composites. Adv. Eng. Mat. 2011, 13, 178–185. 

104. Martin-Herrero, J.; Germain, C. Microstructure reconstruction of fibrous C/C composites from 

X-ray microtomography. Carbon 2007, 45, 1242–1253. 

105. Kobayashi, K.; Izumi, K.; Kimura, H.; Kimura, S.; Ohira, T.; Saito, T.; Kibi, Y.; Ibuki, T.; 

Takai, K.; Tsusaka, Y.; et al. X-ray phase contrast imaging study of activated carbon/carbon 

composite. In Applications of Synchrotron Radiation Techniques to Materials Science V; Stock, 

S.H., Mini, S.M., Perry, D.L., Eds.; Materials Research Society: Warrendale, PA, USA, 2000; 

Volume 590, pp. 273–278. 

106. Cosmi, F.; Bernasconi, A.; Sodini, N. Phase contrast micro-tomography and morphological 

analysis of a short carbon fibre reinforced polyamide. Compos. Sci. Technol. 2011, 71, 23–30. 

107. Le, T.H.; Dumont, P.J.J.; Orgeas, L.; Favier, D.; Salvo, L.; Boller, E. X-ray phase contrast 

microtomography for the analysis of the fibrous microstructure of SMC composites. Compos. 

Part A Appl. Sci. Manuf. 2008, 39, 91–103. 

108. Young, M.L.; Rao, R.; Almer, J.D.; Haeffner, D.R.; Lewis, J.A.; Dunand, D.C. Effect of ceramic 

preform geometry on load partitioning in Al2O3-Al composites with three-dimensional periodic 

architecture. Mater. Sci. Eng. A Struct. Mater. 2009, 526, 190–196. 

109. Kashyap, Y.S.; Agrawal, A.; Sarkar, P.S.; Shukla, M.; Roy, T.; Sinha, A. Study of pyro-carbon 

coated alumina kernel using mixed contrast transfer based X-ray phase retrieval technique. NDT 

E Int. 2011, 44, 41–46. 

110. Kashyap, Y.S.; Yadav, P.S.; Sarkar, P.S.; Agrawal, A.; Roy, T.; Sinha, A.; Dasgupta, K.; 

Sathiyamoorthy, D. Application of X-ray phase-contrast imaging technique in the study of 

pyrocarbon-coated zirconia kernels. NDT E Int. 2009, 42, 384–388. 

111. Kozioziemski, B.J.; Koch, J.A.; Barty, A.; Martz, H.E.; Lee, W.K.; Fezzaa, K. Quantitative 

characterization of inertial confinement fusion capsules using phase contrast enhanced X-ray 

imaging. J. Appl. Phys. 2005, 97, 063103:1–063103:9. 

112. Koch, J.A.; Landen, O.L.; Kozioziemski, B.J.; Izumi, N.; Dewald, E.L.; Salmonson, J.D.; 

Hammel, B.A. Refraction-enhanced X-ray radiography for inertial confinement fusion and  

laser-produced plasma applications. J. Appl. Phys. 2009, 105, 113112:1–113112:8. 

113. Verrier, S.; Braccini, M.; Josserond, C.; Salvo, L.; Suery, M.; Ludwig, W.; Cloetens, P.; 

Baruchel, J. Study of materials in the semi-solid state. In X-ray Tomography in Material Science; 

Baruchel, J., Maire, É., Buffière, J.Y., Eds.; Hermes Science: London, UK, 2000; pp. 77–87. 
  



Materials 2012, 5                           

 

 

964

114. Weiss, P.; Obadia, L.; Magne, D.; Bourges, X.; Rau, C.; Weitkamp, T.; Khairoun, I.; 

Bouler, J.M.; Chappard, D.; Gauthier, O.; et al. Synchrotron X-ray microtomography (on a 

micron scale) provides three-dimensional imaging representation of bone ingrowth in calcium 

phosphate biomaterials. Biomaterials 2003, 24, 4591–4601. 

115. Becker, J.; Flueckiger, R.; Reum, M.; Buechi, F.N.; Marone, F.; Stampanoni, M. Determination 

of material properties of gas diffusion layers: Experiments and simulations using phase contrast 

tomographic microscopy. J. Electrochem. Soc. 2009, 156, B1175–B1181. 

116. Fluckiger, R.; Marone, F.; Stampanoni, M.; Wokaun, A.; Buchi, F.N. Investigation of liquid 

water in gas diffusion layers of polymer electrolyte fuel cells using X-ray tomographic 

microscopy. Electrochim. Acta 2011, 56, 2254–2262. 

117. Zabler, S.; Cloetens, P.; Zaslansky, P. Fresnel-propagated submicrometer X-ray imaging of 

water-immersed tooth dentin. Opt. Lett. 2007, 32, 2987–2989. 

118. Samuelsen, E.J.; Gregersen, O.W.; Houen, P.J.; Helle, T.; Raven, C.; Snigirev, A.  

Three-dimensional imaging of paper by use of synchrotron X-ray microtomography. J. Pulp Pap. 

Sci. 2001, 27, 50–53. 

119. Samuelsen, E.J.; Houen, P.J.; Gregersen, O.W.; Helle, T.; Raven, C. three-dimensional imaging 

of paper by use of synchrotron X-ray microtomography. In Proceedings of Tappi International 

Paper Physics Conference, San Diego, CA, USA, 26–30 September 1999; pp. 307–312. 

120. Holmstad, R.; Goel, A.; Ramaswamy, S.; Gregersen, O.W. Visualization and characterization of 

high resolution 3D images of paper samples. Appita J. 2006, 59, 370–390. 

121. Trtik, P.; Dual, J.; Keunecke, D.; Mannes, D.; Niemz, P.; Stahli, P.; Kaestner, A.; Groso, A.; 

Stampanoni, M. 3D imaging of microstructure of spruce wood. J. Struct. Biol. 2007, 159, 46–55. 

122. Gureyev, T.E.; Evans, R.; Stevenson, A.W.; Gao, D.C.; Wilkins, S.W. X-ray phase-contrast 

microscopy of paper. TAPPI J. 2001, 84, 52. 

123. Gureyev T.E.; Evans R.; Stevenson A.W.; Wilkins S.W. X-ray phase-contrast microscopy of 

wood and paper. In Proceedings of 53rd Appita Annual General Conference, Rotorua, New 

Zealand, 1999; pp. 749−757. 

124. Zoofan, B.; Kim, J.Y.; Rokhlin, S.I.; Frankel, G.S. Application of phase contrast 

microradiography in NDT. Mater. Eval. 2005, 63, 1122–1127. 

125. Arhatari, B.D.; Nugent, K.A.; Peele, A.G.; Thornton, J. Phase contrast radiography. II. Imaging 

of complex objects. Rev. Sci. Instrum. 2005, 76, 113704:1–113704:6. 

126. Gui, J.-Y.; Zhou, B.; Zhong, Y.-H.; Du, A.; Shen, J. Fabrication of gradient density SiO(2) 

aerogel. J. Sol Gel Sci. Technol. 2011, 58, 470–475. 

127. Kozioziemski, B.J.; Sater, J.D.; Moody, J.D.; Sanchez, J.J.; London, R.A.; Barty, A.; Martz, 

H.E.; Montgomery, D.S. X-ray imaging of cryogenic deuterium-tritium layers in a beryllium 

shell. J. Appl. Phys. 2005, 98, 103105:1–103105:5. 

128. Wu, D.; Gao, D.; Mayo, S.C.; Gotama, J.; Way, C. X-ray ultramicroscopy: A new method for 

observation and measurement of filler dispersion in thermoplastic composites. Compos. Sci. 

Technol. 2008, 68, 178–185. 

129. Zahiri, S.H.; Mayo, S.C.; Jahedi, M. Characterization of cold spray titanium deposits by X-ray 

microscopy and microtomography. Microsc. Microanal. 2008, 14, 260–266. 



Materials 2012, 5                           

 

 

965

130. Jordan, L.R.; Shukla, A.K.; Behrsing, T.; Avery, N.R.; Muddle, B.C.; Forsyth, M. Diffusion 

layer parameters influencing optimal fuel cell performance. J. Power Sources 2000, 86, 250–254. 

131. Moran, C.J.; Pierret, A.; Stevenson, A.W. X-ray absorption and phase contrast imaging to study 

the interplay between plant roots and soil structure. Plant Soil 2000, 223, 99–115. 

132. CSIRO Services Home. Available online: http://ts-imaging.net/Services/ (accessed on 23 May 

2012).  

133. HySSIL Home Page. Available online: http://www.hyssil.com/ (accessed on 23 May 2012). 

134. Mayo, S.C.; Miller, P.R.; Wilkins, S.W.; Davis, T.J.; Gao, D.; Gureyev, T.E.; Paganin, D.; Parry, 

D.J.; Pogany, A.; Stevenson, A.W. Applications of phase-contrast X-ray microscopy in an SEM. 

J. Phys. IV 2003, 104, 543–546. 

135. Fukuda, K.; Ogawa, T.; Hayashi, K.; Shiozawa, S.; Tsuruta, H.; Tanaka, I.; Suzuki, N.; 

Yoshimuta, S.; Kaneko, M. Research-and-development of HTTR coated particle fuel. J. Nucl. 

Sci. Technol. 1991, 28, 570–581. 

136. Truong, Y.B.; Glattauer, V.; Lang, G.; Hands, K.; Kyratzis, I.L.; Werkmeister, J.A.; 

Ramshaw, J.A.M. A comparison of the effects of fibre alignment of smooth and textured fibres in 

electrospun membranes on fibroblast cell adhesion. Biomed. Mater. 2010, 5, 025005, 

doi:10.1088/1748-6041/5/2/025005. 

137. Edwards, S.L.; Russell, S.J.; Ingham, E.; Matthews, J.B.; Mitchell, W. Nonwoven Scaffolds of 

Improved Design for the Tissue Engineering of the Anterior Cruciate Ligament; Woodhead 

Publishing Ltd.: Cambridge, UK, 2006. 

138. Mookhoek, S.D.; Mayo, S.C.; Hughes, A.E.; Furman, S.A.; Fischer, H.R.; van der Zwaag, S. 

Applying SEM-Based X-ray microtomography to observe self-healing in solvent encapsulated 

thermoplastic materials. Adv. Eng. Mater. 2010, 12, 228–234. 

139. Mayo, S.; Stevenson, A.; Wilkins, S.; Gao, D.; Mookhoek, S.; Meure, S.; Hughes, T.; Mardel, J.; 

Nie, J.; Morton, A. X-ray Phase-contrast Tomography for Quantitative Characterisation of  

Self-Healing Polymers. In Proceeding of the 7th Pacific Rim International Conference on 

Advanced Materials and Processing (PRICM 7), Cairns, Australia, 1–5 August 2010;  

Volume 654–656, pp. 2322–2325. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


