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Abstract. The motivation of this work is to derive a means of monitoring the structural integrity of components used in 
nuclear power plants since there are a diverse range of materials, under variable loading, with a range of prior loading 
histories under complex environmental conditions. An experimental technique has been developed to characterize brittle 
materials which, using linear elastic fracture mechanics, has given accurate measurements of the global quantity fracture 
toughness. Here we extend this geometry to X-ray measurements in order to track the crack front as a function of loading 
parameters as well as to determine the crack surface area as loads increase. We have applied these advances to fracture in 
beryllium, to determine the onset of damage within the target as strain increases. Further, visualization of crack front 
advance and the correlated strain fields that are generated during the experiments, have allowed determination of the 
fracture surface generated as a function of load. This accurate tracking of the micromechanics controlling the energy 
balance in dynamic failure will provide a vital step in validating multiscale predictive modelling. By these means we aim 
to produce a micro- and mesoscale justification for macroscale concepts such as KIC. 

INTRODUCTION 

The structural integrity of components used in nuclear power plants is the largest concern of all operators. In 
such plants a diverse range of materials, loading, prior histories and environmental conditions, leads to a complex 
operating environment and porosity build-up (see [1] for example). As a result quantitative predictions are subject to 
high safety margins to compensate for poor, quantitative accuracy in empirical design models. To accurately predict 
the failure of these materials or structures requires an understanding of all of the relevant activated physical 
processes and their interaction. In particular the micromechanics of ductile and brittle fracture span a huge range of 
time and length scales, since there is a suite of lower length scale processes activated during failure that are acting 
over relaxation times from picoseconds to seconds. However, although the analytical formulations of fracture 
mechanics and macroscale plasticity provide frameworks within which failure can be described, the challenge to 
engineering models is to represent failure naturally within a finite element code such that it arises naturally within 
the mesh without forcing a length or timescale within the constitutive model [2, 3]. In materials that are not ideally 
brittle, the failure is a combination of bond breaking and plasticity, triggered by inhomogeneous strain fields around 
defects. It remains a challenge to unpick this miscellany of local features within the flow that give rise to a failure 
surface within the target. 

For such a complex, integrated field of localized, tensile stresses, there are several observable macroscopic 
features that can be monitored to probe fracture. These include the localization of deformation in a plastically 
deforming process zone, the formation within that zone of ductile voids which coalesce to form the free surface to 
define the crack tip, the position of that point on a free surface of the target and its evolution over time as strain is 
applied and finally the surface area created as the crack surfaces move apart. All of these can be recorded with new, 
quantitative synchrotron techniques as fracture proceeds and each can be related to different suites of 
micromechanics operating in the process zone [4, 5, 6]. In many cases, work over the years has recorded evolution 
of a single parameter as failure occurs and neglected lower length scale processes. This means that work being done 



by the loading piston is not accounted for so that energy cannot be conserved in a description of the process. Thus in 
this work, 4D tomographic techniques will be used to track evolution of the fracture surface whilst the plastic work 
delivered to solid will be continuously monitored to account for work done in the hope that we can capture the 
micromechanics. X-ray tools will be used in order to quantify all the observable consequences of the fracture 
process occurring [7].  

Of course the ability of a material to resist fracture will depend on both the temperature and the loading rate of 
the test. Further the failure will depend on macroscopic variables such as yield strength, defect density and plate 
thickness, as well as microscopic ones such as grain size and defect length scale. Of course real materials will 
always have an assemblage of some defects within them and exhibit strength under compression despite those 
defects. However, under tension, these will interact with one other and fail the material in tandem. Thus a geometry 
to generate stable cracks, in quasi-brittle solids, is needed in order to make a quantitative measure of deformation 
features and their growth. This will allow, for the first time, a micro-, and mesoscale description for macroscale 
concepts such as KIC. This micromechanical assessment may be used as a sensitive measure of ageing, and thus a 
vital design property for structures. 

EXPERIMENTAL 

Fracture toughness is commonly measured under tensile loads, or in the compressive Brazilian test, but a more 
useful geometry would stabilise the fracture process to aid accurate measurement of key quantities. Our adopted 
technique allowed for controlled crack growth that improved upon the traditional 3- and 4-point bend tests, Brazil 
tests, and Brazil tests with initial damage [4, 5, 8, 9]. Indeed, one of the challenges of measuring KIC using the 
conventional crack tip opening displacement (CTOD) technique, is that the fatigue crack initiation load and the 
monotonic crack growth load, are closer in magnitude than the best practice methods requires [3]. In the 
Compression-Fracture geometry that was introduced by Sammis et al. to measure the fracture toughness of PMMA, 
the crack growth rate can be easily controlled by adjusting the loading rate and shows minimal sample to sample 
variation in repeated tests [4]. One advantage of this technique, when paired with digital image correlation (DIC), is 
that the elastic modulus and Poisson’s ratio can be determined from the same experiment since combining with 
digital image correlation (DIC), this technique can be used to measure both the strain and the crack growth rates [6]. 
Extending the technique, the locus of the crack at a boundary may be determined using the correlation coefficient 
generated during image analysis. 

 
 

FIGURE 1. The loading geometry derived from Sammis & Ashby (1986) [4]. 
 
Targets are made as square cylinders with a cylindrical cavity drilled out through the centre of one face (Figure 

1a). In this conformation, the cavity drilled through the sample and loaded in the Ashby geometry (Figure 1b), acts 
as stress concentrator, so that the overall compression creates local tension around the aperture (Figure 1c). Fracture 
propagates initially at the notches introduced around it. The resulting Mode I cracks travel vertically upwards and 
downwards, entering a compressed region that prevents runaway to the loading platens. This allows controlled crack 
growth. The sample does not entirely fail, but eventually accommodates the displacement applied at two local 
hinges. The targets were square section (Figure 1d) where W = 4 mm, H = 12 mm and d = 1.3 mm. The material 
used in these experiments is a hot-pressed and rolled, Brush Wellman S200-F beryllium and details of its properties 
can be found in [6]. 
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Synchrotron X-ray tomography during in situ loading provides strong contrast in low atomic number materials 
such as beryllium. Further, the applied imaging has a 3D time resolution sufficient to capture propagating cracks. A 
controlled loading rig applied incremental steps of strain to the target. The I13-2, Diamond-Manchester branchline 
was used for the experiments. In ‘pink-beam’ operation, the wide energy spectrum of the undulator radiation permits 
rapid data recording. The lower photon energies are cut-off by filters inserted into the X-ray beam; in this case, 
aluminium filters of a thickness between 2-4 mm shifted the average photon energy of the spectrum to about 16 
keV. Using the partially coherent radiation from the synchrotron source, the image contrast was modulated by 
changing the distance between the sample and detector; in-line, phase contrast imaging. The detector system 
consisted of a scintillation screen, transforming X-rays into visible light, and a CMOS detector recoding the image 
on the scintillation screen via a visible light microscope. For the PCOedge detector, 1.25x, 2x and 4x objective 
lenses are available which means that the resolution ranges between from ca. 2 µm to about 8 µm with a field of 
view 6.7 x 5.6 µm2 for the lowest magnification. At each stage displacement was held during a tomography scan of 
ca. 2400 projections, each of which took approximately 10 minutes. Load and subsequent relaxation was monitored 
using a built in load cell. The resulting tomographic sequences were used to visualize and quantify the exposed 
surface and this allowed a calculation of the surface energy for the crack [10]. 

Data was reconstructed with a filtered back projection algorithm and further analyzed and rendered with the 
commercial software; FEI Avizo 9.1 [11]. The reconstructed image stacks for a series of different loading steps were 
imported with a median filter to reduce background noise (see Figure 2a). The 3D crack volume was then segmented 
using a thresholding method based on image grey scale, from which the crack opening displacement was calculated 
using the Matlab code [12]. In representative images (Figure 3b) the 3D crack opening displacement (COD) map 
was generated by applying a colour map to the 3D surface to represent quantitative values for the opening 
displacement. Finally the surface area of crack was calculated from the generated surface using a meshing algorithm 
within Avizo. The uncertainty of this calculation was assessed through shrinking and expanding the segmented 3D 
crack volume by one voxel in every direction, mimicking the maximum errors caused by image segmentation and is 
displayed on Figure 4 as an error bar. Finally the input energy was calculated by determining the work done by the 
compression platen, integrating the load-displacement history for the experiment. 

RESULTS 

 
FIGURE 2. Three stages of loading and crack propagation (a) in a 3D semi-transparent rendering of the central 
section, and (b) as a virtual slice through the central plane of the sample. (c) shows DIC images of the surface under 
dynamic fracture [6]. 
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Representative tomographs are shown in Figure 2 a) whist a central plane, radiographic slice is presented in Figure 
2b. Figure 2c shows DIC on the beryllium target in which there is a narrow and long feature, consistent with a 
(mode-I) crack and corresponding to the tomographic radiographs for b [6]. There are clearly significant other 
damage mechanisms operating. The last three displacement increments of Figure 2c show significant shear 
deformation around the collapsing cylindrical pore which drives formation of plastic hinges which can be seen 
developing at the outer edges. We wish to use data in the region before this localization begins in the analysis of 
steady fracture behaviour. A full discussion of the analysis used, and further work from the LANL technique, can be 
found in [6]. The use of a full volume, non-invasive technique has, thus far, validated the assumptions and 
conclusions of the work completed using the DIC technique. 

 
FIGURE 3. Load-displacement history for the deformation of beryllium. Corresponding, reconstructed fracture 
surface. Representative radiographs from surfaces and the centre plane through one crack. A reconstructed crack 
surface with colours corresponding to crack opening displacement (COD) with numbers displayed in microns. 

 

Figure 3 shows the data collected from one of the tomographic loading experiments on beryllium. The applied 
load vs. displacement history is shown in Figure 3a. It will be observed that the sample fractures at ca. 300 MPa 
which is comparable with the pressure observed in the LANL DIC tests. In the case of the experiments displayed 
here, the load was applied in stepped increments in which displacement was increased by 100 µm and then held for 
a time sufficient to rotate the sample by 180˚ to collect radiographs. During this time it will be seen that a relaxation 
of the load occurred as stress relief occurred in the process zone. To the left of the figure is a reconstruction showing 
how radiographs were used to recreate a fracture surface for each increment. It was possible to additionally measure 
the COD for each voxel and these are colour coded in the figure with the crack opened by 60 µm at the notch and 
closed in the central region. Finally, these reconstructed surfaces were used to calculate the crack surface area for 
each increment. These were analysed, and an error determined, by altering resolution by a factor of two to determine 
the effect on the area calculated.  

DISCUSSION 

The data has shown a consistent, monatomic, increase in crack opening with displacement of the driving platen. 
After each increment of strain there is a relaxation in the load as the bulk relaxes and damage is introduced. Figure 
4a shows the relaxation of the load as a function of applied strain. The maxima and minima are shown to follow a 
consistent behaviour with the load relaxing by 45 MPa at each increment. Figure 4b shows the increase of crack 
surface area as a function of applied load. The area increases at constant rate but the mechanism that operates to 
accommodate the applied displacement changes as the test proceeds with increases shear around the collapsing void 
and the formation of a plastic hinge near to the sides of the prism. This indicates the utility of this test geometry and 
stability of fracture found for this class of material. 

CONCLUSIONS 

A test geometry has been developed to quantitatively characterise fundamental issues in dynamic brittle failure. 
It ensures stable crack propagation occurs within quasi-brittle solids and work is distributed between the plastic 
deformation at the crack tip and in fracture of the material creating new free surface. DIC and tomography have 

	

a). b). 



revealed details of the fracture process and have shown it to be possible to recover information with a combination 
of the techniques at fast loading rates. XCT has been used to resolve the evolution of fracture damage, and by 
analysing the resulting tomographs it has been possible to quantitatively map the increase of fracture surface area 
with displacement. This has allowed the calculation of the material parameter, fracture toughness, by independent 
methods and at arbitrary strain rates. Further, these techniques allow one to quantitatively measure the partition of 
work done by the load cell into ductile and brittle components. In future work we shall develop the technique for a 
range of material types and morphologies. The data generated will be integrated into physical and engineering multi-
scale fracture models and for the first time it may be possible to represent operating micromechanics and treat with 
modelling from ab initio to finite element description. Future work will look at size effects on the fracture toughness 
value generated and expand on these observations to further detail operating mechanisms. 

 

 
FIGURE 4. Crack surface area at increasing loads. 
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