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Abstract  

X-ray microtomography has been utilized for the observation of ductile fractures in an 

aluminum alloy with an Al/Al-Si dual phase structure. A procedure for analyzing a series of 

tomographic images is proposed for extracting the variation in the local crack-tip opening 

displacement (CTOD), and its feasibility is confirmed. Complicated crack growth behavior and the 

formation of uncracked ligaments ahead of a crack tip are observed in the alloy owing to the 

marked difference in local fracture toughness between the two phases. The proposed technique has 

provided a quantitative interpretation for such phenomena. It is clarified that a conventional 

measurement significantly overestimates the CTOD level. The transition behavior in CTOD has 

been revealed over a certain distance across an interface between the two phases, suggesting the 

existence of scaling effects that influence the microstructure/fracture relationship. Overall the 

current method could offer a highly effective way of assessing 3-D local fracture behavior.  
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1. Introduction and Background 

 

Numerous experimental reports have been devoted to measuring crack driving forces under 

monotonic or cyclic loading. The techniques can be broadly classified as optical methods, such as 

photoelasticity [1] and moiré interferometry [2], surface-based microscopy methods, such as in-situ 

stereoimaging with scanning electron microscopes [3], and a few limited methods such as direct 

strain measurement using embedded optical fiber strain sensors [4]. Some of the above techniques 

yield information that is essentially averaged across the through-thickness direction of a specimen, 

whilst many of the others reflect surface-specific two-dimensional deformation behavior. Several 

techniques, including the multiple-embedded-grid moiré method [5], frozen stress photoelasticity 

[6], the isodyne technique [7], the scattered light speckle photography technique [8] and optical 

fiber strain sensing [9] enable the assessment of local crack driving forces within a bulk material. 

However, there are significant limitations with the multiple-embedded-grid moiré method, which 

only provides interior strains at several points with low sensitivity, whilst the frozen stress 

photoelasticity, the isodyne and the scattered light speckle photography techniques are limited to 

transparent and/or birefringent materials. The optical fiber strain sensing approach facilitates 

measurements between widely separated points (separations of the order of at least several 

millimeters) making it impossible to examine the effects of microstructural features and local crack 

geometries. A further fatal drawback of the methods that involve embedded particles or fibers is of 

course the potential perturbation in the internal stress fields of interest by the incorporation of such 

dissimilar second phases in a given material. 

In practical materials, which usually exhibit complicated fracture behavior, various 

microscopic fracture events are observed, such as the deflection/twisting of a crack, crack closure 

during fatigue, microcracking, crack bifurcation, load transfer interactions with secondary phases 

and crystallographic effects caused by an underlying matrix. These phenomena sometimes shield or 

anti-shield the crack tip from an applied load, thereby local crack driving forces are assumed to vary 
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substantially. However, the abovementioned techniques do not provide a direct estimate of the 

internal and local crack driving forces at a microstructural level.  

To the best of the authors’ knowledge, the only conventional method for determining such 

local and internal cracking information is 3-D numerical simulation. However, previous studies 

concerned with the simulation of cracking are mostly based on models with significantly simplified 

geometries such as an idealized microstructure and a flat crack morphology. Such models may not 

represent the actual local-scale loading conditions of a real crack and thus, may not always clarify 

the fracture micromechanisms properly. Recently Qian et al. [10, 11] reported a 3-D image-based 

modeling technique. They visualized a real crack and its propagation process in 3-D by using in-situ 

high-resolution X-ray computed tomography (CT). The surface planes of a crack and dispersed 

particles were extracted from tomographic volumes to create an image-based finite element model. 

They performed a series of numerical simulations considering the real morphologies, spatial 

distribution and size of the crack and the particles. However, the abovementioned technological 

limitations also prevent the validation and verification of image-based numerical simulations. 

Therefore, realizing an advanced procedure for measuring local crack-tip driving forces in 3-D 

would also clearly be valuable. 

The present authors have proposed a 3-D procedure for measuring internal local crack driving 

forces in a series of high-resolution tomographic images in a companion paper [12]. The physical 

displacements of microstructural features in a crack-tip stress field are used to calculate local 

mixed-mode crack driving forces inversely from the displacement field along a crack front line. The 

proposed technique has provided a highly effective way of assessing local crack driving forces and 

clarifies, for example, the effects of near-tip contact between crack faces on the effective fatigue 

crack driving forces. However, the proposed technique does not appear to be versatile. For example, 

the physical displacement of microstructural features can sometimes be close to the resolution limit 

(approximately 1 m for conventional projection CT and more than 100 nm for ultra high-

resolution imaging CT [13]) even if state-of-the-art synchrotron micro-CT is employed. Also, the 
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effects of uncertainty in the location accuracy of a crack tip appear to be non-negligible when the 

crack-tip opening displacement level is close to voxel size for high strength and low fracture 

toughness materials. Another factor affecting the accuracy is the unknown transition behavior in 

crack-tip displacement fields between a damage zone and an elasto-plastic field, and that between 

the elasto-plastic and elastic fields. Associated errors in the local crack driving force calculation 

might not be small in certain cases.  

To overcome the above shortcomings of the technique proposed in the previous study, this 

study proposes a more direct measurement of the mode I crack driving force. The 3-D reconstructed 

volume data of internal features has been employed for the high-density mapping of crack driving 

forces along a real crack front as a form of local CTOD variation. To confirm the feasibility of this 

technique, a high-resolution phase contrast imaging technique has been used to obtain crack images 

and the details of microstructural features in a cast aluminum alloy, which consists of a ductile -Al 

phase and a rather brittle Al-Si eutectic phase [12]. A detailed examination of the 3-D characteristics 

of the crack-tip region is used to discuss variations in the crack driving force in different phases in 

terms of the difference in local fracture resistance. 

 

2. Experimental Methods 

 

2.1 Sample preparation 

 

Al-Si-Mg alloy was prepared using 99.99% Al, Al-10%Mg and Al-25.6%Si master alloys. The 

alloy melt was kept at 983 K for 1.8 ks, and then poured directly into a steel mould of about 153 × 

270 × 100 mm in size that had been preheated at 473 K. The melt was modified by the addition of 

Sr to refine the eutectic Si particles and degassed with Ar gas before casting. The alloy cast had a 

chemical composition of 6.7 Si, 0.31 Mg, 0.12 Fe, 0.12 Ti, 0.0035 Sr and balance Al in mass %. 

The samples were then solution heat-treated for 21.6 ks at 813 K, and artificially aged for 21.6 ks at 
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428 K to provide a T6 temper condition. The alloy consists of a ductile -Al phase and a rather 

brittle Al-Si eutectic phase, which is fundamentally an aluminum alloy with dispersed spherical Si 

particles. 

Conventional single-edge notched (SEN) specimens 10 × 10 × 55 mm in size were produced 

with a slit giving a ratio of nominal width, W, to an initial notch length a of 0.45. A fatigue pre-

crack was then introduced into the specimen according to ASTM Standard E 647-95A until a/W (a, 

crack length) became about 0.6. Small parallelepiped specimens (typically 0.6 × 0.6 × 11 mm) were 

carefully machined from the crack-tip region of the fatigue pre-cracked SEN specimens using an 

electrodischarge machine wire eroder so that a/W for the small parallelepiped specimen became 

about 0.5. Finally, two end tabs were bonded to each specimen as shown in Fig. 1 to make the 

sticklike specimen double shouldered for loading in the synchrotron experiments. Note that since 

the plane strain condition is not satisfied in the present experiment, the plane stress condition is 

dominant in subsequent in-situ tomography observations.  

 

2.2 Tomographic imaging 

 

A high-resolution X-ray CT experiment was performed using the X-ray imaging beamline, BL47-

XU, of the synchrotron radiation facility, SPring-8, in Hyogo, Japan. A material test rig specially 

designed for X-ray CT was positioned approximately 49 m from the X-ray source. A 

monochromatic X-ray beam with a photon energy of 20 keV produced by a liquid nitrogen cooled 

Si (111) double crystal monochromator was used for the experiment. A beam diffuser rotating at 

600 rpm, which was packed with graphite powder, was employed to modify the high coherence of 

the X-rays. An image detector was positioned 50 mm behind the sample, thereby making the 

imaging system sensitive to phase modulation in addition to the classical absorption contrast [14]. 

The image detector consisted of a cooled 4000 (H) × 2624 (V) element CCD camera (pixel size of 

the camera: 6.45 m
2
), which was used in a 2 × 2 binning mode, a scintillator (Lu2SiO5:Ce) and a 
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relay lens (×20). In total 1500 radiographs, scanning 180 degrees, were obtained around the loading 

axis in 0.12 degree increments for each load level.  

The entire cross-section of the specimen and a region about 622 m high containing a crack were 

captured on the CCD camera. The in-situ loading stage allowed specimens to be scanned under 

monotonic tensile loading. All the scans were performed while the loaded samples were being held 

at fixed displacements. The first tomography scan was performed without loading and the 

subsequent nine scans were performed until crack propagation was observed throughout the width 

of the specimen as shown in Fig. 2. To suppress the occurrence of blurring caused by the relaxation 

behavior of the material, the applied displacement was held for 35 min for aging before each scan, 

which is seen as a vertical line above a number in Fig. 2. The test rig controller had a load 

resolution of 0.1 N, which made it possible to undertake well-controlled quasi-static material tests 

using the miniaturized specimens. The test rig exhibited a displacement stability of about 0.1-0.2 

m, thereby enabling the realization of tomographic scans with almost no blurring caused by 

specimen wobble.  

Image slices were reconstructed from a series of projections based on the conventional filtered 

backprojection algorithm. The grey value in each dataset was calibrated so that the linear absorption 

coefficient of 0-30 cm
-1

 falls within an 8 bit gray scale range between 0 and 255 as shown in Fig. 3. 

An isotropic voxel with a 0.474 µm edge was achieved in the reconstructed slices.  

 

3. CTOD Extraction 

 

   As is well known, CTOD is a fracture mechanical parameter that has a unique relationship with 

the J integral [15]. It is applicable over the strict limitation in specimen size in the linear elastic 

fracture mechanics. Unlike the other fracture mechanical parameters, CTOD is a geometric 

parameter and can be directly measured in a 3-D crack image. This contrasts with the indirect 

measurement of crack driving forces described in the previous study [12] where the physical 
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displacements of marker points are converted to a stress intensity factor or J integral inversely 

through the crack-tip displacement field.  

The process for determining crack-tip location is shown in Fig. 4. Firstly, a crack-tip voxel is 

identified on each virtual slice. These slices are parallel to a plane containing mode I crack growth 

and loading directions. In a previous study, the crack-tip location was assumed to be the center of 

gravity of the crack-tip voxels that are the farthest from a crack mouth [12]. However, assuming a 

crack deflecting in the mode II direction, the use of this method might result in the eccentricity of a 

crack tip in the last deflected crack segment. In this study, an intersection point between the center 

line of the last deflected crack segment and a crack face is defined as a crack tip. First, the 

midpoints between the upper and lower crack faces are obtained between horizontal distances of 24 

and 95 m from an approximate crack-tip location, thereby extracting the center line of the last 

deflected crack segment by the linear interpolation of the midpoints. After determining the crack-tip 

location, a pair of intersecting points of the 90 degree vertex taken from a crack tip with crack 

flanks is determined to measure the CTOD value in the local crack-tip coordinate system with the 

center line of the last crack segment as a horizontal axis. When there are uncracked ligaments 

between the last deflected crack segment and an actual crack tip, the most advanced point in the 

crack-tip coordinate is considered to be a crack-tip location. The average crack mouth opening 

displacement (CMOD) is also measured in tomographic images to estimate the CTOD value with 

the conventional plastic hinge model [16].    

Actual crack extension is accompanied by various complex phenomena, such as microcracking, 

bifurcation, and uncracked ligaments, depending on the effects of the underlying microstructure. A 

careful slice-by-slice check was made in a preliminary investigation to ascertain whether the crack-

tip location is determined with the above method. Figure 5 shows three typical slices where crack-

tip voxels are located in (a) the -Al phase, (b) the eutectic Al-Si phase and (c) an interfacial region 

between the two phases. In the -Al phase, crack-tip blunting occurs stably to a larger extent than in 

the eutectic Al-Si phase as shown in Fig. 5 (a). There is no difficulty in obtaining CTOD in such a 
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case. In Fig. 5 (b), small isolated crack segments are observed ahead of the main crack. However, 

this is not microcracking or an uncracked ligament but premature cracking in the eutectic Al-Si 

phase, which is in fact connected to the main crack on some underlying slices. This has been 

determined with a three-dimensional ‘seed’ growth technique by identifying the volume of the crack. 

In the procedure, all voxels that are three-dimensionally connected to the crack and that have a 

voxel grey value within a set tolerance range are segmented and labeled as one main crack. The 

CTOD value for Fig. 5 (b) was measured within the apparently isolated crack segment, resulting in 

a relatively small CTOD value. In Fig. 5 (c), where the crack tip is propagating from the -Al phase 

to the Al-Si eutectic phase, a complex crack-tip configuration is observed. It has been confirmed 

that the above method works well even in such a case.       

 

4. Fracture Behavior  

 

Figure 6 shows the 3-D distribution of eutectic silicon particles within part of a rendered volume 

(525 × 474 × 273 m) encompassing the front line of a crack. The images were captured at four 

different loading steps specified in Fig. 2. A large number of particles (shown in red) are observed 

in the volumes. Almost no damage initiation was observed before the fifth loading step. Ductile 

crack blunting was observed in subsequent loading steps, which was accompanied by damage 

evolution at the silicon particles. Voids, which are a typical feature of the ductile fracture process, 

are shown in green in Fig. 6. There are two possible formation mechanisms for these voids. One is 

the general cavity formation associated with broken brittle particles that fail during loading [17]. A 

second void formation mechanism has been reported recently [18,19], namely the homogeneous or 

heterogeneous precipitation of hydrogen at a high temperature mainly during heat treatment prior to 

loading. Such pre-existing micro-pores are also easily observed in the microstructure of the alloy 

used, and they are dissociated from the silicon particles. The overall porosity was measured at about 

0.2 % in the tomographic volume. The void volume fraction increases rapidly after the fifth loading 
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step and reaches about 0.9 % in the final step, which means that the final volume fraction of the 

cavity associated with damage is about 0.7 %. As is well known, in a ductile material such as the 

Al-Si alloy used here, there is a large strain region, where the small strain theory breaks down 

because the strains exceed 10 %. The size of the large strain region corresponds to approximately 

twice the CTOD value. Damage evolution is observed extensively ahead of the crack tip as shown 

in Fig. 6 (b) and (c), and appears to extend far beyond the large strain region. During the last few 

steps, stable crack extension is observed from the tip of the fatigue pre-crack as shown in Fig. 6 (d). 

The crack-tip configuration appears to be sharp, which is typical of stable crack extension in a 

ductile material. The mechanism of the transition in the crack-tip configuration is understood to 

relate to the fact that the material behind a growing crack unloads elastically. 

In Fig. 7, only crack images were extracted from the tomographic volume and they are shown 

as 3-D perspective images viewed in the mode I loading direction. The crack images, which are 

substantially the air gap between the upper and lower crack faces, have been segmented and 

extracted by means of the 3-D seed growth technique described above. The underlying aluminum 

and other microstructural features such as micro-pores, intermetallic compound particles and silicon 

particles are not displayed here. The complicated and irregular patterns observed in each image are 

fracture surface roughness. These are rendered by using front and side diffuse light sources to 

highlight the three-dimensional nature of the crack. The crack extension varied greatly with the x 

coordinate (i.e. along the crack front line) within the current tomography specimen as also observed 

previously in 3-D images [12, 20]. The retarded section of the crack front is seen around the center 

of the crack front line (i.e. a slice number between about 250 and 500), which is especially obvious 

in Fig. 7 (c). On the other hand, a localized crack advance with a width of 10 ~ 50m can be 

clearly observed at slice numbers above 400 in Fig. 7 (b). Such a marked difference between the 

two regions might be attributed to the difference in local fracture resistance. In fact, the underlying 

phases have been identified as ductile -Al phase and the rather brittle Al-Si eutectic phase for the 

retarded and locally advanced crack segments, respectively, by investigating the original 
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tomographic volumes. Typical examples are shown by the virtual cross-sections in Fig. 8 (a) and (d), 

which correspond to slice numbers 312 and 527, respectively. The crack tip is located at the center 

of an -aluminum dendrite with an irregular shape, which is typical of the material in Fig. 8 (a), 

while in Fig. 8 (d) the crack tip is adjacent to the even more irregular eutectic phase. Gradual crack 

extension and extensive damage distribution are also identified in a series of virtual cross-sections 

in Fig. 8 (d) - (f) in which the crack tip is propagated through the eutectic phase.  

Another noteworthy feature is the subsequent crack propagation behavior. Between Fig. 7 (c) 

and (d), there appears to be crack extension along the whole crack front line. However, a closer 

inspection has revealed that the prematurely initiated crack segments ahead of the aluminum-silicon 

eutectic phase, which are seen between slice numbers of about 500 and 800 in Fig. 7 (b), were then 

further extended in the lateral direction. Therefore the crack extension in the -Al phase observed at 

slice numbers between about 250 and 500 in Fig. 7 (c) is not crack re-initiation from the blunted 

crack tip, but simply a lateral crack extension from the neighboring Al-Si eutectic phase. The mode 

I crack driving force near the blunted crack segment might arise owing to the existence of the 

neighboring advanced crack segments, while that at the locally advanced crack segments is 

effectively decreased as a result of the constraint imposed by surrounding uncracked sections. 

Therefore it can be inferred that the local crack advance in the Al-Si eutectic phase is interrupted at 

some stage, and the lateral extension from the eutectic phase might be promoted ahead of the -Al 

phase. 

In Fig. 7 (d), more than ten white patches remain in the newly extended crack segment. These 

are referred to as uncracked ligaments in traditional cross-sectional observations. Its mechanism and 

the subsequent crack bridging are well documented in the literature [21]. It can be confirmed from 

the virtual cross-section shown in Fig. 8 (c) that the new crack tip is located in the eutectic phase 

ahead of the former crack tip, and the -Al phase regions are left intact in between. A similar 

uncracked ligament has been reported in a post-overloaded fatigue crack extension [12].  
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The observation of the virtual cross-section in Fig. 8 (a) - (c) also reveals multiple crack planes 

overlapping in the x direction. The shorter overlapped crack plane exhibits significant local mode II 

crack deflection (i.e. crack deviation about the y axis parallel to the macroscopic crack growth 

direction). This gradually disappears on neighboring yz slices if gone to the +x direction, while the 

major crack segment disappears if gone to the –x direction. This sort of 3-D crack bifurcation has 

been frequently observed in close inspections of tomography data [12,22,23], revealing that such 

complex arrangements of crack planes probably interact intricately with the underlying 

crystallographic grain structure. In a previous study, a combined methodology consisting of in-situ 

3-D crack visualization and image-based crack simulation has demonstrated that one crack segment 

significantly affects the fracture behavior of another neighboring hidden or only partly overlapped 

crack segment by shielding a near-tip stress/strain field and shifting the near-tip plastic zone of a 

crack [23]. In such cases, we can assume the existence of a grain boundary between the two crack 

segments. The previous study showed that the magnitude of a near-tip stress/strain field is 

effectively reduced, thus leading to the retarded propagation of a crack front near an overlapped 

region [23]. Therefore high local fracture resistance is expected around the crack bifurcation seen in 

Fig. 8 (a) - (c), which will be proved quantitatively later in Fig. 10 according to the procedure 

proposed here.  

 

5. Crack driving force variation 

 

5.1 Feasibility of tracking Si particles to measure crack driving force in present material 

 

To examine the applicability of the previously reported 3-D measurement procedure for internal 

local crack driving forces, which is based on a crack-tip displacement field [12], the centroid 

location for each silicon particle was tracked against a corresponding crack tip as a function of 

applied load. Compared with the original procedure [12], accuracy and reliability have recently 
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been significantly improved by employing sophisticated tracking algorithms [24]. The tracking 

method consists of the application of a matching probability parameter, a macroscopic trajectory 

prediction and a spring model tracking algorithm, which is applied where the clustering of markers 

makes accurate tracking impossible. By combining these three algorithms, it has been demonstrated 

that tracking error can be minimized to an almost negligible level in practical materials [24, 25]. It 

is crucial to realize automatic high-density mapping in practical materials, which inherently contain 

small and closely interspersed microstructural features. It has also been clarified that the tracking 

results are relatively independent of the parameter setting conditions and such stability is beneficial 

from a practical point of view. 

Figure 9 shows an example of an obtained displacement field displayed on a virtual cross-

section in the material used. Since displacement vectors are apparently random, the data seem not to 

provide any valuable information on local crack driving forces. It can be inferred that such tracking 

errors are directly associated with a significant agglomeration of the silicon particles of similar size 

and shape in the present material. 

 

5.2 Measured CTOD and its interpretation  

 

Figure 10 shows measured CTOD variations along the crack front line, which are superposed on a 

set of the same front and side illuminated renderings of the crack images as those in Fig. 7. The 

CTOD value is relatively large where the crack front line is located in the ductile -Al phase (i.e. 

slice number less than 415). At loading step 3 in Fig. 10 (a), where an almost linear load-

displacement relationship is still maintained in Fig. 2, the measured CTOD values are overly small 

even for crack-tip locations in the ductile -Al phase, indicating that the crack-tip deformation is 

confined mostly to elastic deformation. At loading step 6, the CTOD level increases below a slice 

number of about 450, and considerable scattering in the CTOD is also observed. This scattering is 

partly because crack bifurcation is observed between slice numbers 200 and 500, and the obliquely 
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propagating minor crack segment becomes longer as the slice number decreases. Another reason for 

the scattering is the complex spatial distribution of the -Al and Al-Si eutectic phases around the 

crack tip. It should be noted that CTOD level is even more scattered for slice numbers below 250. 

In this region, the crack front line is located in the vicinity of an -Al/eutectic phase interface. 

Therefore some early crack extension is observed as seen in the eutectic phase (i.e. slice number 

above 500). At the last loading step, however, all of the measuring points exhibit small CTOD 

values. This is because almost all the crack-tip segments are located in the Al-Si eutectic phase 

owing to the characteristic crack growth behavior mentioned above.  

Measured CTOD variations with crack advance are shown in Fig. 11 superposed on 

corresponding virtual cross-sections. Crack-tip locations and crack paths are also shown in the 

figure. In Fig. 11 (a) - (b), the initial crack tip is located in the -Al phase, while in Fig. 11 (c) and 

(d) it is located in the eutectic phase. In Fig. 11 (c), the crack tip is located in the vicinity of the-

Al/eutectic phase interface. The apparent crack extensions observed during the initial 1 – 2 steps are 

actually caused by the fatigue crack closure behavior. The CTOD value increases with loading in (a) 

– (b), and then decreases immediately after a crack extension is observed. The CTOD value appears 

to be dependent on local ductility around the crack tip (i.e. the local fraction of the -Al phase in 

the vicinity of the crack tip). After the onset of crack propagation, the crack-tip location jumped 

over 50 – 100 m leaving uncracked ligaments in the -Al phase. For the crack extension in the 

eutectic phase, gradual crack extension is observed as typically shown in Fig. 11 (d) and the CTOD 

value remains between 0 and 5 m. 

Typical changes in the CTOD with applied displacement are shown in Fig. 12 for eight different 

slices (four slices with crack-tip locations in the -Al phase in Fig. 12 (a) and four with crack-tip 

locations in the eutectic phase in Fig. 12 (b)). A significant drop in the CTOD is observed between 

the 9th and 10th loading steps in Fig. 12 (a), indicating the onset of crack extension between these 

loading steps in the -Al phase. The maximum CTOD value immediately before the crack 

extension increases with increases in slice number. This is probably because of the effects of the 
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crack bifurcation described above. Similar decreases in the CTOD after crack extension are also 

observed in Fig. 12 (b), indicating that the onset of crack extension occurs at the 6th or 7th loading 

step in the eutectic phase.    

Figure 13 shows the average CTOD values for each phase as well as the overall averages and 

CTOD values estimated from the average CMOD obtained with the conventional plastic hinge 

model. The CTOD value for each phase gradually increases with external loading and exhibits its 

maximum values at the 7th and 9th loading steps for the eutectic and -Al phases, respectively. The 

two peak CTOD values represent the critical CTOD values that reflect the local fracture toughness 

of the two phases, suggesting that the local fracture toughness value of the -Al phase is about six 

times larger than that of the eutectic phase. Although the volume fractions of the -Al and eutectic 

phases are almost the same, the total fracture resistance of the whole material expressed by 0 is 

slightly smaller than the intermediate value between the two values. This is attributable to the 

abovementioned preferential crack growth through the eutectic phase.  

It is also noted that the estimation of the CTOD values from the macroscopic quantity (i.e. 

CMOD) significantly overestimates the magnitude of the fracture toughness. This is probably 

because of the unrealistic assumption in the plastic hinge model that crack faces are rigid and plastic 

deformation occurs within a limited narrow strip with a virtual point as an imaginary rotational 

center. The CTOD converted from the CMOD increases monotonically even after the onset of crack 

propagation and the folding point is so subtle that it might go unnoticed. It can be concluded that 

the conventional CTOD criterion based on the CMOD measurement does not reflect crack-tip 

deformation in a reasonable way, which is in contrast to the direct measurement procedure proposed 

in the present study.  

It is interesting to note that transition behavior in the CTOD is observed across the -Al 

phase/eutectic phase interface as shown in Fig. 14. The transition region is shifted right and left 

from its original location with loading because the interface is geometrically complex in 3-D. The 

transition is observed over about 10 and 15 m at the 7th and 9th loading steps, respectively. This 
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implies that a scaling factor is introduced into the fracture/microstructure relationship in dual phase 

materials such as the present material. If the size of each phase is properly controlled so that it is as 

small as the transition region during its production process, it can be expected that premature crack 

extension in a more brittle phase will be suppressed and the overall fracture toughness improved.    

 

5.3 Comparison with displacement field based crack driving force measurement procedure  

 

Advantages, disadvantages and differences as regards the two local crack driving force 

measurement procedures are discussed below. In the displacement field based method, which is 

reported in a companion paper [12], a crack driving force value calculated from the physical 

displacement of each microstructural feature, which is in general a few tens to a few hundreds of 

micrometers from a crack tip, is allocated to the nearest crack-tip location. It is assumed that the 

effect of the deformation and damage behavior of neighboring regions operates in the direction of 

the central axis in a cylindrical coordinate system that has a crack front line as its central axis .The 

effect of the accumulation of deformation/damage between the crack tip and the microstructural 

feature operates in the radial direction of the cylindrical coordinate system. It can readily be said 

that the displacement field based method would provide average information over a relatively wide 

region rather than the fracture resistance at the point where a crack tip is presently located. The 

azimuth angle from a crack tip to each microstructural feature would also have some effect in terms 

of the difference in underlying texture and damage, giving rise to scattering in measured CTOD 

values depending on the location of the strain marker point in relation to the crack tip. On the other 

hand, with the present direct measurement method it can be expected that the local fracture 

resistance at which the crack tip is located can be directly measured without failure or 

reproducibility error. It can be concluded that the present method would be particularly effective for 

revealing the microstructure/fracture relationship in complex 3-D materials. It can also be expected 

that the present method will be more sensitive to near-tip fatigue crack closure behavior, local crack 
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advance, local crack configuration such as deflection and bifurcation, and local damage than the 

displacement field based method.  

With the displacement field based method, microstructural features such as particles and pores, 

which are appropriately larger than a voxel size, should be homogeneously dispersed in a high 

density. Generally, a sufficient number of such microstructural features are available in most 

industrial materials. However, the driving force cannot be measured when particles or pores of 

similar size and shape are agglomerated as shown in Fig. 9. In addition, when microstructural 

features are not sufficiently small compared with the crack-tip stress field, the measurement 

becomes less accurate, because the existence of the microstructural features affects the displacement 

field. In dual phase materials such as the present material and ferrite/pearlite steel, accurate 

measurement is difficult owing to the distortion of the crack-tip displacement field. Another 

problem to note is that the 3-D crack-tip displacement field cannot be verified due to the lack of 

other experimental measuring methods. In contrast, there is a well-established conventional method 

for measuring the CTOD on a fracture surface as the stretch zone width after fracture. CTOD 

measurement from 3-D images can therefore be readily verified by obtaining critical CTOD values 

on a fracture surface for ductile materials with uniform microstructures.  

Light and dark fringes at each crack edge induced by the phase contrast effect cause location 

measurement errors that at their maximum exceed half the voxel size (i.e. about 0.24 m) in this 

study. Moreover, the so-called partial volume effect [26], which induces a transition area with a 

grey value ramp over several voxels in width at the interface between radiographically dissimilar 

phases, may also be crucial. This is in principle attributed to the degradation in resolution for 

various reasons. This effect can also cause a maximum error of half the voxel size when 

determining the crack-tip location. In the previously reported procedure based on the displacement 

field, near-tip particles or pores are used as strain markers [12]. The distance between a crack tip 

and the markers can be as small as a few times the minimum CTOD level, which is less than 5 m 

in the eutectic phase of the present alloy. This corresponds to around 10 - 20 times the errors. As 
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such, the average errors due to such uncertainty in the location accuracy of a crack tip are not 

necessarily negligible for the displacement field based driving force calculation. However, when the 

CTOD is measured, variations caused by such uncertainty in the location accuracy of the crack tip 

appear to be small because the curvature of the crack face is not so large at the point where the 

CTOD is measured.   

It should be noted that the effects of minor mode III displacement on fatigue crack closure 

behavior are clarified in the previous work [12]. The displacement field based method can therefore 

be used to measure small mode II and/or mode III driving forces and employed in cases where 

mode II and/or mode III displacement is predominant. On the other hand, with the present method, 

it might be difficult to track a feature on a crack face in the mode II and III directions without 

failure. Accuracy might also be reduced if significant crack deflection or tilting occurs. It can 

therefore be considered that the present method is suitable for fracture resistance evaluation when 

mode I loading is predominant. The physical displacement of a microstructural feature increases 

with the distance from a crack tip, and in general is greater than the CTOD value. When the crack-

tip plasticity is limited and the CTOD value is not larger than several times the voxel size, there is 

no alternative but to employ the displacement field based method.    

   The variations in crack driving force before and after crack extension, which have only 

previously been measured on a specimen surface, have been revealed for the first time inside the 

material with the present method. The developed technique might provide ways of assessing a 

growing crack and confirming the theory of growing cracks for the first time. For example, Chan 

proposed a criterion for stable crack growth on the basis of the mechanics of a growing crack [27], 

concluding that stable crack extension is realized as a result of sufficient plastic deformation when 

the following  exceeds 34.5, while a crack is propagated without experiencing any propagation 

resistance when  is less than 34.5;      

0

1



 fE
                                  (1) 
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where 1f is the uni-axial strain at a fracture, E is Young’s modulus and 0 is flow stress. A simple 

question might arise as to whether a distinct transition can occur at a location that is determined 

with a combination of a limited number of uni-axial parameters. The present method might offer the 

unique possibility of verifying such a phenomenon experimentally for opaque materials.    

 

6. Summary 

 

High-resolution synchrotron X-ray microtomography has been used to estimate local crack 

driving forces at arbitrary crack-tip locations as a form of CTOD. To demonstrate this, the in-situ 

crack opening and propagation behavior in a cast aluminum alloy was observed at a synchrotron 

radiation facility. The high-resolution experimental setup and the utilization of phase contrast 

imaging have made it possible to reconstruct distinct 2D slices and 3D renderings of a crack and 

underlying microstructural features. Local CTOD variations with external loading have been 

successfully obtained using the proposed procedure, providing several valuable insights regarding 

our understanding of crack initiation and propagation behavior through a dual phase material with a 

complex microstructure. For example, sharp drops in local CTOD have been observed after the 

onset of crack extension. The procedure has been used to assess the local crack advance. The local 

fracture resistance in the two constituent phases has also been obtained owing to this variation, and 

then utilized to explain characteristic crack growth behavior through the Al-Si alloy used. The 

absolute level of the measured CTOD values was very small compared with values obtained using 

conventional macroscopic measurement, suggesting that there is an essential defect in the simplified 

conventional model for CTOD measurement. The existence of the interesting transition behavior in 

the CTOD across an interface between the two phases has also been confirmed. This may have the 

potential to be applied to the microstructural design of high fracture resistance dual phase materials.   

Overall, the method proposed in the present study is considered to be a robust procedure that is 

appropriate for automatic high-density mapping with rather ductile practical materials. The 
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advantages and disadvantages of the present method have been discussed compared with the 

displacement field based method developed in the companion paper. 
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Fig.1 A miniature bar machined from the three-point bending specimen is shown in (a). A couple of end tabs were 

bonded to prepare a miniature tomographic specimen shown in (b) for the in-situ fracture test . The scale on the 

ruler is in millimeters. 

Fig.2 Load-displacement curve during the in-situ observation of crack initiation and propagation together with 

crack-mouth opening displacement with loading. 

Fig.3 16bit linear absorption coefficient (LAC) value distribution in the reconstructed 3D volume, showing the 

peaks of air and aluminum. 8bit gray value distribution between 0 and 255 has been extracted from 0 to 30 in the 

LAC value. 

Fig.4 Schematic illustration of the CTOD measurement method together with the global and local coordinates.  

Fig.5 Typical crack configurations on several tomographic slices with measured deflection angles, crack tip 

locations and measured CTOD values.  

Fig.6 3D perspective views of the loading process. Crack opening, its blunting, damage initiation around a crack-

tip and the subsequent onset of crack propagation are clearly visualized together with distinct microstructural 

image. 

Fig.7  3D perspective views of crack propagation process viewed from the z direction specified in Fig. 6.   

Fig.8 Tomographic slices showing the crack initiation and propagation in ductile a-Al phase in (a) – (c) and a 

rather brittle Al-Si eutectic phase in (d) – (f), which correspond to slice numbers 312 and 527 (Specified in Fig. 

7), respectively. Note that in (c) a void-like region is seen ahead of the crack-tip, which is actually connected  to 

the main crack. 

Fig.9 Result of the particle tracking indicating the amount and direction of particle displacement for each particle 

by a white arrow.  

Fig.10 Comparison of the top views of the crack and the distributions of CTOD among different loading steps.  

Fig.11 Tomographic slices showing the variations in crack tip location with crack blunting and propagation on 

four different slices together with CTOD variations. Note that the crack tip was initially located within an a-Al 

phase in (a) and (b), in which uncracked lighaments were left after the final crack extension, while in (c) and (d) 

the crack tip was mainly tracing through an Al-Si eutectic phase and more gradual and continuous crack extension 

was observed.  

Fig. 12 Variations of CTOD as a function of applied displacement for different slices. (a) shows four examples for 

initial crack tip location in an a-Al phase, while (b) shows those for initial crack tip location in an Al-Si eutectic 

phase. 

Fig.13 Comparison of the CTOD values obtained by the present (d0) and conventional macroscopic (dCMOD) 

methods. dCMOD is calculated based on a single CMOD value with assuming a virtual rotational center, while da, 

dEU and d0 are the measured values averaged over the a-Al and the Al-Si eutectic phases and the whole crack, 

respectively. 

Fig. 14 CTOD variations across an interface between a-Al and Al-Si eutectic phases at five different loading steps 

(i.e. the amount of crack extension).  Obvious transitions can be identified for the 6th, 7th, 8th and 9th  loading 

steps.  The transition  occurs over 15 mm approximately at a maximum. CTOD means the averaged value over 

the whole crack.  
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Fig.1 A miniature bar machined from the three-point 

bending specimen is shown in (a). A couple of end tabs 

were bonded to prepare a miniature tomographic specimen 

shown in (b) for the in-situ fracture test. The scale on the 

ruler is in millimeters. 



80 

60 

40 

20 

0 
0 0.1 0.2 0.3 

Applied displacement, d / mm 

L
o
ad

, 
P

 /
 N

 

2 

3 

4 

5 

6 
7 8 9 

1 

10 

0 

20 

40 

60 

80 

100 

120 

C
M

O
D

, 
V

 /
 m

m
 

Fig.2 Load-displacement curve during the in-situ 

observation of crack initiation and propagation together 

with crack-mouth opening displacement with loading. 
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Fig.4 Schematic illustration of the CTOD measurement 

method together with the global and local coordinates.  
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Fig.5 Typical crack configurations on several 

tomographic slices with measured deflection angles, 

crack tip locations and measured CTOD values.  
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Fig.6 3D perspective views of the loading process. Crack opening, its blunting, damage initiation around a 

crack-tip and the subsequent onset of crack propagation are clearly visualized together with distinct 

microstructural image. 
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Fig.7  3D perspective views of crack propagation process viewed from the z direction specified in Fig. 6.   
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Fig.8 Tomographic slices showing the crack initiation and propagation in ductile a-Al phase in (a) – (c) and a 

rather brittle Al-Si eutectic phase in (d) – (f), which correspond to slice numbers 312 and 527 (Specified in Fig. 7), 

respectively. Note that in (c) a void-like region is seen ahead of the crack-tip, which is actually connected  to the 

main crack. 
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Fig.10 Comparison of the top views of the crack and the distributions of CTOD among different loading steps.  
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Fig.11 Tomographic slices showing the variations in crack tip location with crack blunting and propagation on four 

different slices together with CTOD variations. Note that the crack tip was initially located within an a-Al phase in 

(a) and (b), in which uncracked lighaments were left after the final crack extension, while in (c) and (d) the crack 

tip was mainly tracing through an Al-Si eutectic phase and more gradual and continuous crack extension was 

observed.  



5th 10th 

0 

5 

10 

15 

20 

25 

0.05 0.15 0.25 

Slice 200 

Slice 300 

Slice 350 
Slice 400 

0.10 0.20 

Applied displacement, d / mm 

C
T

O
D

, 
d
 /

 m
m

 

0 

5 

10 

15 

20 

25 

0.05 0.10 0.15 0.20 0.25 

Applied displacement, d / mm 

C
T

O
D

, 
d
 /

 m
m

 

Slice 100 

Slice 500 

Slice 600 
Slice 700 

(a) The data for initial crack tip located in an a-Al phase. 

6th 7th 

(b) The data for initial crack tip located in an Al-Si 

eutectic phase. 

Loading step 9th 

5th 10th 6th 7th Loading step 9th 

Fig. 12 Variations of CTOD as a function of applied 

displacement for different slices. (a) shows four 

examples for initial crack tip location in an a-Al phase, 

while (b) shows those for initial crack tip location in an 

Al-Si eutectic phase. 



dCMOD 

0 

10 

20 

30 

40 

0.05 0.15 0.20 

Applied displacement, d / mm 

C
T

O
D

I,
 d

 /
 m

m
 

SSY LSY 

0.25 0.10 

da 

d0 

dEU 

5th 10th 6th 7th Loading step 9th 

Fig.13 Comparison of the CTOD values obtained by the 

present (d0) and conventional macroscopic (dCMOD) 

methods. dCMOD is calculated based on a single CMOD 

value with assuming a virtual rotational center, while da, 

dEU and d0 are the measured values averaged over the a-

Al and the Al-Si eutectic phases and the whole crack, 

respectively. 



a-Al phase 

10th 

9th 

Al-Si eutectic region 

0 

5 

10 

15 

40 

7th 

-5 

-20 0 20 

C
T

O
D
－

C
T

O
D

, 
d
 /

 m
m

 

-40 
Distance from boundary, d / mm  

8th Initial interface 

w7th = 10 mm 

6th 

w9th = 15 mm 

20 
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