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Abstract

Synchrotron X-ray microtomography has been utilized for the in-situ observation of steady state plane strain
fatigue crack growth. A high resolution experimental configuration and phase contrast imaging technique have
enabled the reconstruction of crack images with an isotropic voxel with a 0.7 um edge. The details of a crack are
readily observed, along with evidence of the incidence and mechanical influence of closure. After preliminary
investigations of the achievable accuracy and reproducibility, a variety of measurement methods are used to
quantify crack opening displacement (COD) and closure from the tomography data. Utilization of the physical
displacements of microstructural features is proposed to obtain detailed COD data, and its feasibility is confirmed.
Loss of fracture surface contact occurs gradually up to the maximum load. This is significantly different from
tendencies reported where a single definable opening level is essentially assumed to exist. The closure behaviour
is found to be attributable mainly to remarkable generation of mode III displacement which may be caused by
local crack topology. Many small points of closure still remain near the crack-tip, suggesting that the near-tip

contact induces crack growth resistance. The effects of overloading are also discussed.
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1. Introduction

Fatigue crack closure behaviour has been recognized as a predominant factor determining fatigue crack growth
rates via shielding the transmission of external loading to a crack-tip (Elber 1971, Endo et al. 1972, Suresh 1981,
Suresh 1996). The various mechanisms of closure, such as plasticity induced crack closure (Elber 1971),
roughness induced crack closure, etc., have been discussed separately, based on very simple interpretations of the
phenomena. Recently, however, one of the authors (I.S.) has examined closure processes in deflected cracks based
on two-dimensional numerical simulations encompassing both plasticity and roughness contributions to closure
(Parry et al. 2000). It has been clarified that local crack topology has significant effects on roughness induced
crack closure levels due to the existence of residual plastic strains near asperity tips. To understand the absolute
contribution of crack closure mechanisms to fatigue properties, the extension of two dimensional model
understanding, which has been considered within the current literature, to three dimensions is clearly valuable.
Nevertheless, within the available experimental literature, the three-dimensional viewpoint has been largely
neglected. Since such three-dimensional crack closure behaviour is hardly approached, neither by post failure
analyses such as fracture surface observation, nor by conventional in-situ surface observation, it would appear that
in-situ X-ray tomography provides a unique possibility to assess crack closure processes.

X-ray computed tomography has been utilized as an advanced technique of diagnostic radiology in the medical
field. In this case, typical spatial resolution would be up to a few hundred micrometers. Recently, third-generation
synchrotron radiation facilities have been identified as an ideal source for X-ray tomography providing a high
energy X-ray beam with excellent lateral coherence and monochromaticity. Microtomography performed utilizing
synchrotron radiation facilities has enabled a reconstruction of volumes with a typical spatial resolution of 6.5 ~
14 um (Baruchel et al. 2000). Synchrotron X-ray microtomography has been successfully applied to studies in
material science and mechanical engineering, such as characterizing the semi-solid microstructure of cast
aluminium alloys (Baruchel et al. 2000), quantifying damage evolution in SiC reinforced metal matrix
composites (Hirano et al. 1995, Cloetens 1997, Baruchel et al. 2000), observing grain boundaries in

polycrystalline aluminium (Baruchel er al. 2000), and investigating fatigue crack closure behaviour of high



strength aluminium alloys (Guvenilir 1998, Guvenilir 1999).

In terms of the application of synchrotron X-ray microtomography to mechanical damage and crack problems,
Buffiere et al. (Cloetens 1997) and Stock and co-workers (Guvenilir 1998) have claimed that it can be possible to
detect high contrast features occupying areas as small as one-tenth of a voxel size. This corresponds to crack
opening slightly greater than 0.5 pm for typical isotropic voxels (6.0 - 6.6 um) (Cloetens 1997, Guvenilir 1998),
which is reasonable to detect the incidence of microscopic damage events to some extent. On the other hand, in
terms of morphology and quantification, where crack topology, crack opening displacement (COD) and other
features are important issues, voxel size is directly reflected in their accuracy, requiring sub-voxel interpolation
(Guvenilir 1998, Guvenilir 1999) to be used especially when cracks in high strength and poor toughness materials
are analysed.

For example, in the previously mentioned studies (Guvenilir 1998, Guvenilir 1999), Stock and co-workers have
succeeded in the reconstruction of undisturbed three-dimensional crack surface images as a function of load by in-
situ X-ray microtomography for the first time, by which the physical roles of asperity contact were interpreted via
3D images. However, an average crack opening at the maximum load was about 4 pum in their study, which
corresponds to about 60 % of voxel size (6.4 pum), i.e. sub-voxel interpolation required to obtain any information
from the results. For example, the fractions of crack opening was estimated for voxels which could be considered
partially occupied by cracks, and then summed in the opening direction to calculate COD of a single crack.
Differentiation of the crack from the matrix may be identified as somewhat arbitrary due to the lack of physical
meaning of a threshold linear attenuation coefficient used. Handling of other factors, such as noise, interface
fringes due to phase contrast and other artifacts, etc, which would be directly reflected in COD in their procedure,
was not specifically described in their papers. Given their optical setup, particularly sample/detector distance
(50mm), is analogous to that of the present study, the effects of phase contrast may well be significant.

In synchrotron X-ray microtomography, where a two-dimensional detector array is used to reconstruct
volumetric images, the major factors affecting the spatial resolution in the reconstructed image are the pixel size
and the number of pixels of a CCD detector, optical magnification, the performance of the optical setup and the
use of phase contrast imaging. Owing to recent developments in optical systems (Labiche 1996, Koch 2000), an
order of magnitude improvement in resolution has been enabled over the aforementioned studies. This remarkable
improvement has enhanced the quality of reconstructed images and the accuracy of subsequent quantitative
analyses, bringing a wider range of potential application of the synchrotron X-ray microtomography to light.

It is the objective of the present study to investigate the fatigue crack closure behaviour utilizing synchrotron X-



ray microtomography with enhanced resolution levels. A commercial high strength aluminium alloy developed for
damage tolerant airframe applications (AA024-T351) was used in the experiments. High-resolution synchrotron
X-ray microtomography with submicrometer voxel sizes has recently been applied to the observation of fatigue
cracks (Ludwig 2002). The present paper provides the first quantitative evaluation of a cracked medium from such
high resolution imaging. In order to demonstrate the effectiveness of the high resolution measurement, a variety of
measurement methods are demonstrated to extract quantitative information from the tomography data. Especially,
the high resolution imaging readily enables the visualisation of minute microstructural features providing a unique
possibility to assess the mixed-mode (I, II and III) nature of crack opening behaviour (Anderson 1995). This is
clearly advantageous compared to limited analysis procedures available in the current literature (Minakawa 1981,
Allison 1988) where relatively inaccurate mode I analyses have been performed as mentioned above. Advantages
and disadvantages of the respective methods are discussed with respect to accuracy and feasibility for

displacement mapping, together with the results of some preliminary investigations.

2. Experimental procedure

2.1 Sample preparation

For tomographic reconstruction, an entire sample has to fit laterally into field of view. Due to the camera pixel
size of a CCD camera used (i.e. 14 pm) and the optical magnification needed to obtain an isotropic voxel with a
sub-micron edge, the test sample was required to be less than 1.43 mm in cross-section at maximum in this study.
In order to obtain meaningful information from such a small sample, a standard sized fatigue specimen was
prepared using ordinary laboratory apparatus, with a small parallelepiped specimen then being carefully extracted
at the crack-tip of the original fatigue specimen to produce a steady state fatigue crack for tomographic imaging.

The overall specimen preparation was carried out as follows: 40 mm thick rolled plates of damage tolerant Al-

Cu-Mg alloy, designated as 2024-T351 were utilised. Conventional single-edge notched (SEN) specimens of 5 X
20X130 mm were produced from the centre of the plates in the L-T orientation. A slit with an approximate tip

radius of 0.15 mm was machined using an EDM wire eroder giving a ratio of nominal width, W, to initial crack
length, ay, at the onset of testing of 0.25.
Three point bend fatigue tests were carried out at room temperature in air, using an INSTRON 8872 servo-

hydraulic fatigue testing machine, applying sinusoidal loading, with a load ratio, R = P,/ Pua, of 0.1, at a
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frequency of 50 Hz. Four-point probe direct current potential drop was used for crack monitoring in all cases.
Specimens were pre-cracked at a constant AK of 10 MPaVm for a length of 1mm. Subsequently load shedding
according to ASTM E647-95A was employed to reduce the AK level to 6 MPaVm (ASTM 1995). Fatigue cracks
were then allowed to grow under constant AK conditions at this level until a further 0.5 mm of growth had been
made. The specimens prepared in this way are specified as ‘N’ (Normal sample). A second set of samples was
prepared in the same manner, however on completion of the process detailed above, a single 66% overload (i.e. to
a maximum K of 10.0 MPaVm) was applied. The loading then reverted to the constant 4K = 6 MPa\m baseline.
Fatigue cracks were found to arrest almost immediately post overload (after ~ 50 um of crack growth) and the
tests were terminated. This second set of specimens was specified as ‘O’ (Qverloaded sample). In the present
study, only the second dataset will be discussed since space is limited. The detailed assessment of the effects of
overloading will appear elsewhere in an accompanying paper (Toda 2003).

Small crack-tip samples were then prepared from the crack-tip at the original sample centre using a slow speed
diamond saw. Crack-tip samples had a typical squared cross section of 0.8X0.9 mm’, and a length of about 25
mm such that the longitudinal axis of the tomography specimen was parallel to that of the original specimen
loading and an original crack-tip was located in it. a /W (a: crack length, W: width) of the tomography specimen
was 0.68 on average. Note that since 2.5([{,,1606/@)2 ~ 500 pm (oy: yield stress) for the maximum load, the plane
strain condition should still predominate extensively for subsequent tomography observations. Finally, two epoxy
end tabs were bonded at each end to make the sticklike specimens double shouldered for loading in the

synchrotron experiments.

2.2 Tomographic imaging

High resolution X-ray tomography was performed at the X-ray imaging and high-resolution diffraction
beamline, ID-19, of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. A material test rig
was specially designed by one of the authors (J.Y.B.) for X-ray microtomography using a PMMA tube as a load
frame, which gives negligible X-ray absorption (Buffiere 1999). This rig was set approximately 140 m from the
X-ray source (¢ ~100 pm). A monochromatic X-ray beam having a photon energy of 20 keV from a vertical
multilayer monochromator was used for the experiments, giving an transmitted/incident intensity ratio of at least

10 %. A cooled 2048 X 2048 element CCD detector was positioned 50 mm behind the sample, thereby setting the



imaging system sensitive to phase modulation in addition to classical absorption contrast (Raven 1996). In total
1,500 radiographs, scanning 180 degrees, were taken along the loading axis at 0.12 degree increments for each
load level. The whole cross section of the specimens, and a height of 210 - 280 um was entirely captured on the
CCD camera. Each view required 0.7 seconds to acquire the image: as such each full tomographic scan required at
least 17.5 minutes. A first scan of the tomography was performed without loading. Scans were performed at
successive 20 % increments of K,,,.. Although the load frame and the specimen were stabilized before every
measurement, stress relaxation of the order of ~10 % of applied load was observed during some scans. Image
slices were reconstructed from the series of projections based on a conventional filtered backprojection algorithm
(Herman 1980). Grey value in each dataset was calibrated so that variation between the most opaque and
transparent voxels could be expressed within an 8 bit grey scale range between 0 and 255. Isotropic voxel with a
0.7 um edge was achieved in the reconstructed slices. By analogy with previous reports (Cloetens 1997, Guvenilir
1998), substantial detectability for a crack is expected to approach 0.05 pm. Details of the experimental scheme

and setup are more fully described elsewhere (Cloetens 1997, Buffiere 1999).

2.3 Volume rendering

As noted earlier, a key point in the present paper is the analysis of various methods by which quantitative
information on crack opening may be extracted from tomographic data. To perform such quantitative analyses, the
identification of object volumes (particles or cracks) via some form of grey scale imaging is clearly significant. As
with all image analysis, careful assessment of thresholding criteria and accurate reflection of the feature of interest
is required.

In order to evaluate CODs in the cracked samples, the tomographic dataset was thresholded and labelled
utilizing a grey value for each 3D feature of interest (i.e. the crack at a given load level or a microstructural feature
in the bulk metal). Firstly the feature of interest was chosen on some two-dimensional reconstructed slice, and a
three-dimensional ‘seed’ growth technique was applied to identify the volume of the feature. All voxels that are
three-dimensionally connected to the manually set seed point and have a voxel grey value within a set tolerance
range are thresholded and labelled as one feature. Volume, surface area and centre of gravity measurement of each
feature were automatically measured using dedicated software developed at Luc Salvo lab. GPM2 INP Grenoble.
To estimate fracture surface areas at sub-voxel accuracy, pentagonal facetted iso-intensity surfaces were computed

from the volumetric data set by a conventional Marching Cubes algorithm (Lorensen 1987).



As an initial analysis, the volume of whole or partly extracted cracks was divided by their projected area to
obtain an average crack opening displacement. The ‘extracted’ crack here means the open volume between the
two crack faces, as thresholded by the above method. COD measurements were sought at scales of the order of
one voxel size, using two-dimensional representations of spatial distribution of opacity. Such measurements were
produced by a direct ray casting technique (Roth 1982) over the whole crack. A notional ray of light is cast from a
viewpoint perpendicular to the crack plane through each voxel of the segmented crack, projecting an overall
opacity onto a plane perpendicular to the loading axis. The final grey scale distribution for the resultant projected
2D image of the crack corresponds to accumulating opacity values along the rays. All the voxels which belonged
to the crack are set fully opaque before the projection using a simple boxcar transfer function (Jani 1998) so that
the total opacity along a given ray through the crack gives quantitative information on the local thickness of the
thresholded volume. This representation enables two-dimensional mapping of COD values over the whole crack
surface. In terms of the accuracy of these measurements, the so-called partial volume effect (Labbe 1996) is
crucial, which brings a transition area with a grey value ramp over several voxels in width at an interface between
radiographically dissimilar phases. Provided that the tolerance value applied is appropriate, the partial volume
effect can cause an error of half the voxel size at maximum (i.e. less than 0.35 pm in this study) in the local COD
measurement when the feature of interest is as small as one voxel square. Errors at respective voxels are equalized
in the calculation of the average COD value, whereas the local COD value obtained by the ray casting technique
can give relatively inaccurate data, depending on an absolute COD value. Half the voxel size corresponds to
approximately 5 and 17 % of average COD values calculated over a distance of 7 um from the crack-mouth and
the crack-tip, respectively. To reduce such error, COD values were averaged over four voxels when constructing a
given COD profile. Note that the existence of such errors has no relation to reproducibility in the COD
measurements. As far as a specific set of setting values (such as thresholding tolerance) is used, a unique COD
value is obtained from a sequence of operations.

To overcome the above shortcomings, a further COD quantification method may be identified, where secondary
phase bodies within the material microstructure may be used as displacement gauges by which compliance of the
underlying material is measured at a microstructural scale. Firstly, a pair of spherical microstructural features,
such as intermetallic compounds or micro-pores within the material, are sampled as gauge marks so that these are
located on opposite crack faces, lying approximately parallel to the loading axis. Variations during loading in the
centroid spacings of such particle pairs may then be separated into three directions by orthogonal decomposition.

Although this procedure does not give absolute values of COD, there are several valuable features: such as (a)



mode I, Il and III displacement components can be assessed, which can not be drawn from the previously
referenced methods, (b) partial volume effects can be minimized by utilizing symmetric particles or micro-pores,
and (c) more robust automatic displacement mapping can potentially be constructed as a function of local crack
topology (especially in the case of aluminium alloys in which many kinds of coarse intermetallic compound

particles are densely dispersed, enabling a detailed mapping procedure).

3. Results and discussion

3.1 Object thresholding

[Insert figure 1 about here ]

Figure 1 shows a 2D slice of a reconstructed volume which contains a crack, micro-pores (shown in black: less
than 1 um) and intermetallic compound particles (shown in white: typically Fe-rich B-Al;Cu,Fe, but may contain
some S, 1 and some other Si-rich phases.). Owing to the high resolution optical setup, not only the crack but also
microstructural features of the aluminium can be clearly visualised. The image of this virtual slice is as distinct,
offering similar detail as a high magnification optical microscope image (i.e. resolutions are of a similar order and
similar contrasting of the main features may be obtained). In all cases, cracks were seen to be predominantly open,
even at the minimum applied load. Crack bifurcation and serrated crack paths are readily observable at points A
and B, respectively in figure 1. Furthermore, crack closure contact can be clearly observed at C. It may be noted
that the crack does not appear completely black by comparison to the micro-pores. Figure 2 illustrates grey value
profiles of the crack along transverse lines (a) near the crack-mouth and (b) crack-tip. Distinct light and dark
fringes at each crack edge can particularly be seen in figure 2 (a) and (b) due to phase contrast effects between the
air and aluminium (Cloetens 1997). Average grey values at the minimum load of the aluminium and crack
volumes were 190.4 and 95.1, respectively. The fringes generated by phase contrast at the crack edges were seen
to exert a strong influence on the grey value of the crack region. The contrast value corresponding genuinely to X-
ray absorption in air would in fact be close to that of the crack centre near the crack-mouth (i.e. 130~150). The
particular darkness of the micro-pores and the near tip crack volume (in figure2 (a)) is particularly attributable to
the dark fringes (associated with interface phase contrast) overlapping in such small objects.

[Insert figure 2 about here ]

[Insert figure 3 about here ]



Given the above contrast effects, a key issue in thresholding the crack in a reconstructed volume is the optimum
threshold selection. Considering the partial volume effect, it is interesting to adopt a mean value between the grey
values of neighbouring two phases as a threshold value to determine the location of an associated interface. Such
mean contrast values were identified as 144.9 and 143.5 for near the crack-tip and the whole crack respectively.
However, voxel contrast values slightly exceed these mean values near the crack centre, which means that the
thresholded volume of a crack (and hence measured COD) should be significantly underestimated if such a mean
value is applied for thresholding. This is illustrated in figure 3 where approximately linear variations of the
volume and surface area of a segmented crack are seen with thresholding tolerance values increasing between 120
~ 160. The crack surface area corresponds to the area of fracture surface which is apparently open at a given load
level. The increment in the crack volume during whole the linear portion is about 184 %, while that of the crack
surface area is ~ 35 %. It can be inferred that the high grey value region at the crack centre becomes filled (i.e.
becomes part of the thresholded volume) with increasing threshold tolerance. Since the upper bound grey value of
the linear portion exceeded that of the internal high grey value region almost all over the crack, adopting the onset
of non-linearity of the upper part as a tolerance value in figure 3 seems to give reasonable thresholding. In fact,
changing the tolerance value from 143.5 (i.e. the above-mentioned mean grey value at an interface) to 160 (i.e.
uppermost value in figure3) resulted in expansion of the crack volume by ~ 0.057 pum, which brought about the
increase in crack surface area by 0.7 (at P,,) ~ 7.7 (at P,;,) %. This means that computation errors in CODs
caused by adopting the larger tolerance value are less than 3 % for a crack-tip, and less than 1 % on average,
which are significantly smaller than the variations observed in figure 3. Thus, a thresholding tolerance value of
160 was adopted for the dataset illustrated in figure 3, with a similar determination process being applied
separately for each dataset. Average COD values measured by this volume-based procedure showed an excellent
agreement with those from the ray casting technique. For example, the former for the dataset illustrated in figure 3
was 5.79 um at the maximum load, while the latter for the same dataset was 5.71 um.

As shown above in figure 3, measured object volume increases with the increase in tolerance value, however
the centroid location is essentially unchanged. In fact, changing the threshold tolerance value by 20 results in an
absolute shift in the measured centre of gravity of the particle of only 0.043 pwm on average and 0.139 um at most,
indicating that this procedure brings about one order of magnitude improvement in displacement measurements
over the crack volume-based measurements. It is concluded that the utilization of centroid spacings of such
spherical microstructural features as a displacement gauge may lead to reliable and robust COD measurements,

relatively independent of the thresholding conditions: such stability may be seen to enable automatic accurate



COD mapping when a suitable population of particles is identified.

3.2 General features of 3D rendered image

[Insert figure 4 about here ]

Figure 4 (a) shows part of a rendered volume (200 X300 X200 voxels) encompassing a crack-tip: within this

volume the crack has been visualized by removing underlying aluminium from two-thirds of its volume.
Completely black spherical micro-pores, coarse and irregular intermetallic compound particles (which appear
light grey) and a neutral-coloured crack (i.e. the open portion of the crack) can be observed in the diagram. These
phases were rendered using front and side diffuse light sources to highlight their three-dimensional character
(Sassen 1991). The geometry of the crack’s leading edge, and the surface topology of the crack are complex and
three-dimensional. As can be seen in figure 4 (b), which shows a view of the crack diagonally from the rear,
bifurcated crack planes C1 and C2 are connected by a segment of the crack plane T which twisted about the crack
growth direction. Crack plane C2 is located approximately 40 um beneath C1, with the two areas overlapping
each other. There seems to be some crystallographic effects on the formation of the bifurcation. Although it has
not been investigated in the present study, one of the advantages of the X-ray microtomography is three-
dimensional grain boundary mapping utilizing Gallium wetting techniques (Ludwig 2002). Such an investigation
can give a more definitive metallurgical insight in the tomographic image. In the first instance, it may still be seen
from the present results that even though bifurcation may look simple on two-dimensional slices, three-
dimensional observation reveals that multiple crack planes were involved in crack growth, probably intricately
interacting with underlying grain structure.

The complex shape and scale of the intermetallic particles is clear from the 3D reconstruction, highlighting the
limited impression obtained from 2D sections. The intermetallic particles seen in the immediate vicinity of the
crack in this work remained intact, indicating that the effects of the particles on crack propagation was not
significant for the test conditions.

The micro-pores can be divided into two families. One is associated with the brittle intermetallic particles
which break during the various shaping processes which transform the ingot into plate. The other one is
apparently not associated with any intermetallic particles. It may be hydrogen precipitation, but it could be also
associated to small particles not visible at the 0.7 pum resolution. Although particle volume fraction and porosity

(observed in figure 4 (a)) appear relatively high for a wrought aluminium alloy, this is also simply due to the
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difference between the two-dimensional cross-sections and real three-dimensional materials. In fact, Martin et al.
have shown that there was an excellent agreement in measured porosity values between the high resolution X-ray
microtomography and Archimedean densimetry in a 5083 alloy (Martin 2000).
[Insert figure 5 about here ]

Figure 5 shows a front and side illuminated rendering of the crack emphasizing the surface topology. Figure 5
(a) and (c) were captured at the minimum load, whilst figure 5 (b) was obtained at the maximum load. Several
large ridges (i.e. valleys on the fracture surfaces) rise on the crack, running parallel to the crack growth direction.
One relatively large ridge forks into two at the midpoint. Areas where the background colour can be seen (white)
indicate the existence of crack closure or ligaments in the crack wake. Comparison of loaded and unloaded images
allows the two conditions to be unambiguously identified. Areas of contact are particularly seen along the ridges
and valleys behind the crack-tip, whilst small points of contact (typically ~7 pum) are scattered near the crack-tip
as shown in figure 5 (c); relatively large regions of fracture surface contact are labelled A on figure 5(a). It is
probable that such points are unbroken ligaments in the crack, however there is little evidence in the literature that
ligaments of such a morphology arise in these materials. The white patches at A mostly disappear or contract to
very small dots at the maximum load. On the other hand, although region A had almost lost contact, many small
points of closure still remained near the crack-tip. Since such a near tip contact may directly affect local effective
stress intensity range at a crack-tip, the near-tip contact seems to cause apparent benefits to fatigue crack growth
resistance. Another feature to note is localized crack opening projecting sharply ahead of the general crack line
with loading, as indicated by B in figure 5. Figure 6 shows a ray casting representation (Roth 1982) that
represents COD distribution over the whole crack, where completely black areas correspond to zero opening (i.e.
contact), whilst the lighter a voxel, the larger the opening displacement. It may be seen that crack opening is
characterised by several light stripes, as indicated by arrows, which correspond to the rows of widely opened
crack segments, running in the crack growth direction, alternating with dark stripes (i.e. regions where COD is
zero or negligibly small). This suggests that the ridges and valleys of the fracture surface running in the crack
growth direction may in fact contribute to crack closure owing to mode III displacements. Such macroscopic
contact in the ‘far’ crack wake appears quite distinct from closure near the crack-tip (~ 100 um) which is
dispersed irregularly, corresponding to subtle undulations of the crack plane.

[Insert figure 6 about here ]

3.3 COD analyses and crack closure behaviour
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[Insert figure 7 about here ]

Figure 7 (a) and (b) show the variations of COD and crack surface area, respectively as a function of applied
load. The crack opened almost linearly with progressive loading. This tendency was also confirmed by the
centroid spacing measurement of particles and the crack volume-based measurement. The initial COD increment
looks slightly smaller than those of the later stage of loading; this effect may also be identified by the other
methods, as shown later in figure 8 (a) and (b). Figure 7 (b) shows characteristic behaviour that the decreasing rate
of fracture surface contact (i.e. the increasing rate of crack surface area) increased exponentially with loading until
K =2.71 MPaVm (i.e. about 58 % of K,,,,) and then showed smaller decreasing rate above it. None of the existing
macroscopic closure measurement methods (Minakawa 1981, Allison 1988), which essentially assume a single
definable opening level in a load cycle has clarified such a progressive contact and loss of contact.

[Insert figure 8 about here ]
[Insert figure 9 about here ]

Figure 8 shows the variations of local COD with loading which were measured by the centroid spacing
measurement of particles. Data which were measured in the middle of the whole crack length and at about 170 ~
250 pum from the crack-tip are shown in figure 8 (a) and (b), respectively. Of the three points shown in figure 8 (a),
point C is close to a peak of crack deflection and there is a contact point just between the two micro-pores
sampled for the COD measurement. The crack is propagated almost horizontally around point A. Point B is
located between two contact points due to a serrated crack path. The tendency in figure 8 is overly consistent with
that of average COD by the crack volume-based measurement in figure 7 (a) except that the data for points B and
C are slightly different from the others, presumably due to the effects of the contact points resulting in distorted
curves and smaller increments in COD than point A. Figure 9 shows the variations of mode II and III
displacements. The same points as figure 8 are sampled in the measurements. The generations of the relatively
large mode III displacement of about 0.6 and 1 um were observed for points A - C and D - F, respectively, whilst
the mode II displacement was less than 0.3 um at maximum in most cases. Points B and C, which showed the
different tendencies from the other points in figure 8 and also from the average COD variations shown in figure 7
(a), show different variations in mode II and III displacements, suggesting that the variations of the mode I
displacement are closely associated with mode III (and sometimes mode II) fracture surface contact. In fact, the
rapid decrease of fracture surface contact was observed in figure 7 (b) up to the load level below which the mode

I displacements were seen to vary significantly in figure 9 (b) (i.e. K = 2.71 MPaVm). The larger mode III
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displacements may be attributable to the features of crack surfaces shown in figure 6 where the ridges and valleys
run in the crack growth direction. It may be also noted that the directions of the mode II and III displacements
differ from point to point, implying that the observed mode II and III displacements are particularly attributable to
the local topology of crack surfaces such as crack deflection and bifurcation and not to macroscopic factors such
as the effects of the very small specimen size, misalignment of the test apparatus, etc. The dispersions of the mode
I displacement curves observed in figure 8 (especially in figure 8 (a)) are deemed to represent such local
characteristics of individual positions.

The COD measurement based on the centroid spacing measurement of particles may inherently include elastic
and plastic deformation in the crack wake lying between the particles. Especially compression at contacting points
due to asperity wedging, local residual strains arising from crack propagation process such as crack deflection,
and inhomogeneous strain distribution due to rough fracture surface (i.e. strain concentration) may give rise to
significant local displacements along with global deformation in the crack wake. When COD itself is a key issue,
these contributions should be subtracted from measured values. Although the local COD value obtained by the ray
casting technique can give relatively inaccurate data depending on voxel size, comparison of results drawn by the
two methods may give a rough estimate of the fraction of such contributions. Difference in COD increments
(between the minimum and maximum loads) obtained by the centroid spacing measurement and the ray casting
technique showed significant dispersions ranging between 0 ~ 0.97 pum in nine measurements (which were
performed at three different distances from a crack-tip: 170 ~ 250, 350 ~ 460 and 600 ~ 650 um). This means that
about 20 % of the COD values obtained by the centroid spacing measurement of particles may on average be
caused by the above-mentioned local deformations in the crack wake.

[Insert figure 10 about here ]
[Insert figure 11 about here ]

Figure 10 shows COD profiles on two different sections by the ray casting algorithm plotted back from the
crack-tip. Figure 10 (a) shows typical of profiles which compare the minimum and maximum loads. Figure 10 (b)
is an enlarged profile around the crack-tip where small patches of closure are dispersed. It is clear that the
increment in COD is small over about 80 pum from the crack-tip, with crack opening due to loading mainly
occurring behind this region. This can be confirmed more clearly in figure 11 where average values over the
whole crack are plotted as a function of distance from the crack-tip. Since the length over which opening does not
occur markedly (i.e. 80 um from the tip) is comparable to the prior plastic zone size during overloading in this

sample, the characteristic opening behaviour thus seems to be associated with overloading. Possible mechanisms
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for this may be enhanced plasticity induced crack closure due to the overload (von Euw 1972), roughness induced
crack closure, caused by shear mismatch between the mating crack faces, and the potential combination of the two
processes. This will be discussed more fully later in a companion paper (Toda 2003). As stated earlier, figure 10
(b) clearly illustrates that ridges with a large COD range along with valleys with a small COD for the minimum

load, while for the maximum load, COD becomes flatter.

4. Summary

High resolution synchrotron X-ray microtomography has been utilized to perform in-situ observation of
fatigue crack closure behaviour in a high strength aluminium alloy. By sampling a small tensile specimen
available for the in-situ testing rig from a fatigued standard specimen, high resolution observation (isotropic voxel
with a 0.7 um edge) of a crack propagating steadily under plane strain conditions has been realized. The high
resolution experimental setup and the utilization of phase contrast technique have enabled the reconstruction of
the distinct 2D slices and 3D rendering of a crack, pores and intermetallic particles with excellent image quality.
The details of a crack, such as its surface topology, bifurcation and crack-tip geometry, have been readily observed
by volume rendering as well as by evidence of the incidence and mechanical influence of closure. This provided
valuable insights into the understanding of fracture phenomena. Where and how to account such three-
dimensional aspects is one of the key issues. Firstly, thresholding conditions were investigated to quantify COD
and closure accurately and to secure its reproducibility. One method to quantify the surface area of a contacting
crack face and three methods to draw information concerning COD from the rendered 3D images were
demonstrated and their effectiveness was exhibited. The latter methods used were the crack volume-based
measurements suitable to cover a relatively wide area, the ray casting technique which provided a comparatively
low resolution (voxel size level) with high density mapping of COD together with closure, and the local COD
measurement by the centroid spacing of marker particles. It has been clarified that the global COD measurement
by the crack volume method and the local COD measurement by centroid spacing could be performed with
accuracies of one order of magnitude smaller than the voxel size together with sufficient reproducibility.
Especially, the latter method is considered to be a robust procedure being appropriate for automatic mapping of
COD with high accuracy, providing high-density mapping especially in the case of aluminium alloys which
inherently contain small but closely interspersed intermetallic particles and micro-pores. Overall, high resolution

in-situ synchrotron X-ray microtomography might offer the highly effective way of assessing the fatigue problems
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and provides in-situ images and quantitative information which can be drawn neither by post failure analyses nor
by other in-situ observation procedures which are surface-based or based on other low resolution NDT techniques.

It has been clarified that loss of fracture surface contact occurred rapidly along with the decreases in mode II
and/or III displacements during loading to a halfway, then more gradual loss of contact was observed until the
maximum load. Such progressive loss of contact was not consistent with simplified models available in the
current literature, which essentially assume a single definable opening level in a load cycle. The closure behaviour
was found to be attributable mainly to remarkable generation of mode III displacement, being associated with the
local crack surface topology of the test sample. Many small pieces of closure still remained near a crack-tip even
at the maximum load, suggesting that the near-tip contact might cause apparent benefits to crack growth resistance.
The effects of overloading were also discussed utilizing characteristic crack opening profiles obtained which

showed less amount of opening over the specific distance from a crack-tip than the rest of the crack.
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Caption list

Fig.1 A two-dimensional slice of the reconstructed volume captured at K = 0.42 MPavVm corresponding to the
mid-section of the rendered volume shown in Fig. 5 (a).

Fig.2 Typical variations in grey value across a crack. Original image was captured at K = 4.69 MPaVm. Crack-tip
and crack mouth were stacked for comparison.

Fig.3 The results of preliminary investigations representing the effects of tolerance value used during segmenting
a crack on crack volume and crack surface area.

Fig.4 3D rendered perspective views of tomographic data taken at K = 0.42 MPaVm, representing the vicinity of a
crack-tip after aluminium has been removed from two thirds of a volume of 200 X300 X200 voxels. Crack
bifurcation is observed from the alternative angle in (b), with sections C1 and C2 of the crack overlapping
each other, whilst being connected by the twisted section, T.

Fig.5 Ray tracing representations of the crack which emphasize surface topology. (a) and (b) represent the whole
crack and taken at K = 0.42 and 4.69 MPaVm, respectively. (c) is an enlarged view of (a) including the crack-
tip.

Fig. 6 Ray casting representation of the whole crack which was used for the COD mapping. The image captured at
K = 0.42 MPaVm was used for the investigation. Arrows indicate the rows of widely opened crack segments.

Fig. 7 Variations of (a) COD averaged over the whole crack, J,;, and (b) crack surface area, 24, normalized by
projected crack area, A,, as a function of applied stress intensity.

Fig.8 Variations of local opening displacement, J., as a function of applied stress intensity measured utilizing
centroid spacing of each pair of pores. (a) and (b) were measured about 170 ~ 250 pm and 350 ~ 460 um
from a crack-tip, respectively.

Fig.9 Variations of (a) mode II displacement, &y, and (b) mode III displacement, |0y, as a function of applied
stress intensity measured utilizing centroid spacing of each pair of pores. Points A ~ F correspond to those in
Fig.8 respectively.

Fig. 10 COD profiles on two different cross-sections plotted from a crack-tip backwards. The ray casting
algorithm was utilized for the measurements. (a) is a typical profile almost over the whole crack, while small
points of fracture surface contact were observed in the vicinity of the crack-tip in (b).

Fig. 11 COD profiles after averaging the COD data over the whole crack plotted as a function of distance from a
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crack-tip.
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Fig.6 Ray tracing representations of the crack which emphasize surface topology. (a) and (b) represent the whole crack and taken at K =
0.42 and 4.69 MPaVm, respectively. (c) is an enlarged view of (a) including the crack-tip.
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Fig.5 3D rendered perspective views of tomographic data taken at K =
0.42 MPaVm, representing the vicinity of a crack-tip after aluminium has
been removed from two thirds of a volume of 200 X300 X200 voxels.
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Fig. 7 Ray casting representation of the whole
crack which was used for the COD mapping.
The image captured at K = 0.42 MPaVm was
used for the investigation. Arrows indicate the
rows of widely opened crack segments.
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