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a b s t r a c t 

The fracture toughness of the fine-grained nuclear graphite SNG742 has been investigated by observation 

of stable crack propagation in double cleavage drilled compression specimens. The three-dimensional dis- 

placement fields were obtained by digital volume correlation (DVC) of in situ laboratory X-ray computed 

tomographs. The crack tip location and crack opening displacements were determined using an image 

edge detection algorithm based on the wavelet modulus maxima. The Young modulus was estimated by 

fitting a finite element model to DVC displacement field data measured before crack initiation. Using 

the 3D crack geometry and the surrounding full-field 3D displacement fields as boundary conditions, the 

elastic strain energy release rate J and the three-dimensional stress intensity factors K I to K III were then 

evaluated via the contour integral method. Constant mode I critical stress intensity factor was obtained 

along the curved crack fronts, with negligible shearing modes. This method allows evaluation of the frac- 

ture toughness without prior knowledge of elastic properties, and has potential applications to assess the 

effects of high temperature, oxidation and irradiation in small specimens of nuclear graphite. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Graphite is important for high temperature gas reactors (HTGR) 

ecause of its good neutron moderation, high temperature resis- 

ance and high radiation resistance [ 1 , 2 ]. HTGR graphite compo- 

ents must sustain loading from self-weight, mechanical forces, 

hermal and radiation stresses and seismic activity [ 3 ], which may 

e sufficient to initiate and propagate fracture [4–7] . The fracture 

roperties of graphite must therefore be considered in the design 

rocess to predict failure and ensure the safe operation of HTGRs 

8–11] . The fracture properties of unirradiated nuclear graphite are 

btained from standardized samples [12] . However, data for irra- 

iated graphite requires material to be either obtained by extrac- 

ion (e.g. trepanning) from a working reactor or by irradiation in 

 material test reactor, which both impose significant limits on 
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he specimen dimensions [ 13 , 14 ]. To obtain stable crack growth in

mall specimens of irradiated graphite to measure the fracture re- 

istance, the double cleavage drilled compression (DCDC) specimen 

15] has been proposed [16] . 

The DCDC specimen, first used by Janssen to study fracture of 

lass [17] , is a centimetre scale cuboid with a through-thickness 

ole in the center. When loaded axially under compression, ten- 

ile stresses develop at the hole due to the Poisson effect. Aided in 

ome DCDC geometries by axial notches that extend from the hole, 

hese tensile stresses lead to initiation and stable propagation of 

xial, through-thickness cracks [ 15 , 18 ]. 

Various analytical solutions for the stress intensity factor in 

 DCDC specimen have been developed [ 18 , 19 ], from which the 

ritical mode I stress intensity factor (i.e. fracture toughness) can 

e obtained using the critical load for quasi-static propagation of 

racks of known dimensions. However, these solutions have some 

imitations. In small specimens, due to frictional and constraint ef- 

ects and also possible misalignments and residual stresses, the as- 

umed applied boundary conditions of the analytical solution may 

ot be satisfied [ 20,21 ]. Recently, an alternative approach has been 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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eveloped that allows the crack tip stress intensity factor to be de- 

ermined using the measured full-field displacements [ 20,21,22 ] as 

ocal boundary conditions. 

In previous studies of graphite fracture, the full-field displace- 

ents have been measured by digital image correlation (DIC) 

23] and laser-based ESPI (electronic speckle pattern interferom- 

try) method [ 24 , 25 ]; however, these can only observe surface 

eformation. To obtain the internal three-dimensional displace- 

ent field, digital volume correlation (DVC) of in situ X-ray com- 

uted tomographs (XCT) can be employed [ 22 , 26 ]. In the DVC tech-

ique, the attenuation contrast from the inhomogeneity of the mi- 

rostructure (i.e. porosity) provides the necessary speckle for im- 

ge correlation [ 27 , 28 ]. In a recent study, crack propagation behav-

or of unirradiated and irradiated investigated Gilsocarbon graphite 

as examined using DCDC specimens [22] . The measured 3D dis- 

lacement fields were used to detect the crack tip and to obtain 

he critical mode I stress intensity factor for crack propagation. 

owever, although tomography showed the crack front was curved, 

or simplicity the analysis for the stress intensity factor assumed a 

traight curve front. Curved cracks may also lead to errors in anal- 

ses that only use surface displacement fields measured by DIC, so 

t is important to understand their effect. 

Knowledge of the elastic properties is required to calculate the 

train energy release rate and stress intensity factor in brittle ma- 

erials. In most engineering materials, the elastic (Young) modulus 

s a constant that only changes with temperature and can be easily 

valuated in representative specimens. In coarse grained graphite, 

uch as Gilsocarbon, the Young modulus is quite non-linear [29] in 

he unirradiated condition, but it has been shown that the elas- 

ic strain energy release rate can be correctly obtained by analysis 

f the displacement field with a suitable calibration of the non- 

inear stress/strain relationship [20] . Fine-grained graphites also 

how some non-linearity in the unirradiated state, though to a 

esser degree [30] . Importantly, radiation and oxidation in nuclear 

eactors change the internal microstructure of graphite with conse- 

uent effects on the elastic properties [ 31,32–34 ]. For instance, fast 

eutron irradiation increases the Young modulus and also removes 

ts non-linearity, whereas radiolytic oxidation can significantly de- 

rease the Young modulus (Poisson ratio is less affected by irra- 

iation [2] ). It is therefore critical to know the Young modulus of 

he test specimen. This may be estimated from knowledge of the 

aterial’s irradiation and oxidation history, or measured by test- 

ng of similar material that experienced the same history; how- 

ver, both of these can be subject to uncertainties or limited avail- 

bility of data or material. Small specimens may also be affected 

hen there is significant spatial heterogeneity in the properties 

f the bulk graphite material [35–37] . Ideally, the elastic proper- 

ies should be measured in the same specimen that is used for 

racture testing, but the specimen geometry requirements for stan- 

ard tests of modulus and fracture toughness differ significantly. 

ne approach to achieve this is inverse modeling [ 38 , 39 ], using the

easured displacement fields and the boundary conditions of the 

pecimen geometry and applied loading to extract the elastic prop- 

rties directly [30] . 

In this paper, inverse modeling has been applied to obtain the 

oung modulus of graphite in a DCDC specimen that is subse- 

uently tested to measure the fracture toughness (i.e., the critical 

ode I stress intensity factor, K Ic , for quasi-static crack propaga- 

ion). The material is a fine grained graphite (SNG742) with poten- 

ial application in HTGR [40] . The three-dimensional displacement 

eld, measured by DVC of laboratory XCT images obtained during 

n situ loading of an undamaged specimen, has been compared 

ith numerically simulated elastic displacements to estimate the 

oung modulus. After further loading to initiate and propagate sta- 

le fracture, the 3D shapes of cracks were measured by an image 

dge detection algorithm based on wavelet modulus maxima. Us- 
2 
ng the measured displacement field as local boundary conditions, 

he elastic strain energy release rate, J, and the three-dimensional 

tress intensity factors, K I to K III , were determined by contour inte- 

ral and interaction integral methods implemented in linear elastic 

nite element models that replicated the curved crack front. The 

ensitivity of the result to the estimated Young modulus was also 

valuated. The objectives were to demonstrate there was a con- 

tant crack field along the 3D crack tip that described the criti- 

al condition for quasi-static crack propagation, and also to evalu- 

te the errors introduced by neglecting the crack front curvature. 

he methodology demonstrated here is proposed to be suitable for 

valuating the fracture toughness in small specimens of unknown 

lastic properties, such as irradiated and oxidized graphite at ele- 

ated temperatures. 

. Experiment and analysis methods 

.1. Materials and experiment 

SNG742, produced by Sinosteel Ltd. (Beijing, China), is a candi- 

ate graphite material for next generation nuclear energy [40] with 

 fine grain size (coke size ∼20 μm [41] ). The geometry of the 

CDC specimen ( X × Y × Z ) is 7 × 20 × 7 mm. A central through-

hickness hole (2 mm diameter) aligned with the Z-direction was 

repared with a central axial notch of 1 mm length and 0.5 mm 

idth extending above and below the hole ( Fig. 1 a). Uniaxial com- 

ression loading was applied to the specimen using a 5 KN Deben 

T50 0 0 H250, with an X-ray transparent glassy carbon load- 

earing tube, which was installed in a Zeiss Xradia 510 Versa X- 

ay microscope ( Fig. 1 b). X-ray computed tomography scans were 

btained at three loading stages: pre-loading ( ∼20 N), 1116 N and 

0 0 0 N that corresponded to i) reference state, ii) uncracked state 

 ∼23 MPa compression) and iii) cracked state ( ∼ 41 MPa compres- 

ion) of the specimen, respectively. Each tomograph was obtained 

ith 1601 radiographic projections over a full 360 º rotation, each 

ith a field of view of 11.7 × 11.7 mm (2008 × 2020 pixels at an 

ffective pixel size of 5.81 μm), with 40 s exposure time per ra- 

iograph (60 kV and 5 W power). The tomographic images were 

econstructed using the Zeiss’ Scout-and-Scan software. 

.2. Digital volume correlation (DVC) analysis 

DVC analyses were performed using the LaVision DaVis soft- 

are (version 8.4.0) and were conducted with the tomographic im- 

ge at the pre-loaded state as the reference. A procedure that com- 

ined an initial FFT (Fast Fourier Transform) correlation and then a 

eries of multi-pass direct correlations was applied. 

For the specimen in the loaded and uncracked state ( P = 1116 

), the DVC analysis was performed using a large subset size 

f 64 × 64 × 64 voxels after the tomographs were cropped 

o dimensions (X × Y × Z) of 1200 × 664 × 1144 voxels 

6.97 × 3.86 × 6.65 mm). The DVC analysis used four passes with 

 starting subset size of 192 × 192 × 192 voxels. When the spec- 

men was in the loaded and cracked state ( P = 20 0 0 N), a higher

patial resolution analysis with a small subset size of 8 × 8 × 8 

oxels was used to aid identification of the crack tip with the to- 

ographs cropped to dimensions (X × Y × Z) of 112 × 320 × 1144 

oxels (0.65 × 1.86 × 6.65 mm) around the crack. The subse- 

uent DVC analysis used four passes with a starting subset size of 

 4 × 6 4 × 6 4 voxels. A large subset (6 4 × 6 4 × 6 4 voxels) pass

as also used to obtain the boundary conditions for the numerical 

nalysis of the J-integral and stress intensity factor, with the tomo- 

raphs cropped to dimensions (X × Y × Z) of 1200 × 664 × 1144 

oxels (6.97 × 3.86 × 6.65 mm) around the crack. 

For all analyses, an overlap of 75% between subsets was 

dopted and each cropped tomograph observed the full thickness 
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Fig. 1. (a) Geometric dimensions of DCDC specimen and an example XCT image (2D slice of 3D reconstruction); (b) Experimental setup of compressive test in the Deben 

CT50 0 0 loading rig (center) between the X-ray source (left) and detector (right). 

Fig. 2. 3D displacement field and strain field–(a) A set formed of eight nodes; (b) 3D displacement field measured by DVC; (c) 3D strain field measured by DVC. 
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f the test specimen. Before each DVC analysis, the two tomo- 

raphs were manually registered (integer voxel precision) to re- 

ove rigid body translations, and sub-voxel registration was done 

n the DVC analysis. A parameter analysis found that the influence 

f subset sizes on the DVC results was slight, and the standard de- 

iation of the mean transverse displacement (i.e. a measure of the 

ncertainty in the displacement vector magnitude) in regions re- 

ote from the stress concentration of the hole was ∼ 0.18 μm. The 

orrelation was good, with values in all DVC analyses close to 1. 

To transform the displacement fields into strain fields, a dis- 

lacement function U( x, y, z ) was acquired by interpolating sets, 

efined by eight adjacent nodes, according to the Lagrange interpo- 

ation formula ( Fig. 2 a). The strain field inside the set was obtained

y calculating the partial derivative of the displacement function. 

s an example, Fig. 2 b shows a section of the 3D displacement 

eld obtained at P = 1116 N and its strain field is shown in Fig. 2 c.

.3. Edge detection of the crack 

Phase congruency has been applied previously to detect 

racks by identifying the discontinuity in the displacement field 
3 
 22 , 42 , 43 ]. Here, we apply an alternative edge detection algorithm

hat is based on the wavelet modulus maximum. This is a common 

lgorithm for edge detection in images [ 44 , 45 ]. The image in this

ase is the displacement field. The basic principle of the edge de- 

ection algorithm is as follows: (1) Using the Gaussian function as 

 smoothing function to remove image noise, the first derivative of 

he smoothing function is taken as the wavelet function to trans- 

orm the image; (2) the modulus and phase angle of the wavelet 

ransform vector are calculated; (3) the modulus maxima can be 

ound along the direction of the phase angle and its position is re- 

arded as the edge. 

Although image noise might be identified as the modulus max- 

ma, the wavelet coefficients’ amplitude of the noise was smaller 

han that of the edge points used to define the crack, Therefore, 

oise could be filtered out with an appropriate threshold. The al- 

orithm is limited to 2D image analysis, so the 3D displacement 

eld in the X-direction (U x ) was analyzed as a series of X-Y plane

lices using an 8 × 8 × 8 voxel subset size assessed to deter- 

ine the crack tip position and length in each slice. The data 

rom all the slices were then combined to define the 3D crack 

hape. 



J. Shen, T.J. Marrow, D. Scotson et al. Journal of Nuclear Materials 563 (2022) 153642 

Fig. 3. 3D finite element model of uncracked state ( P = 1116N)–(a) Finite element mesh; (b) Numerical displacement field of the analyzed upper region; (c) Numerical strain 

field of the analyzed upper region. 
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.4. Finite element analysis 

.4.1. Estimation of Young modulus 

A 3D finite element model (FEM) was created in Abaqus 6.14 

o simulate the uncracked state ( P = 1116 N) of the specimen. 

hrough establishing this numerical model with the same geom- 

try as the graphite specimen, the Young modulus of graphite was 

etermined inversely by comparing the FEM with the DVC dis- 

lacements. For the model, a homogeneous material with linear 

lastic properties and Poisson’s ratio = 0.2 was assumed. Hexahe- 

ral solid elements were also used, with a mesh size of 0.2 mm, 

esulting in 201,355 elements and 213,624 nodes in total ( Fig. 3 a). 

he Y-direction displacement of the lower end of the model was 

estrained and a uniform load of 1116N was applied to the upper 

nd. To allow direct comparison, the displacement and strain field 

utputs of the FEM ( Fig. 3 b and Fig. 3 c) were interpolated to obtain

alues at the locations of the DVC nodes. 

.4.2. Evaluation of fracture toughness 

The elastic strain energy release rate, J, was calculated numer- 

cally by evaluating the J-integral in a FEM that simulated the 

racked stage ( P = 20 0 0 N) of the specimen. Two cracked regions

upper region and lower region in Fig. 3 a) were studied, with these 

racks having propagated from the notches above and below the 

ole. To reduce the computing time, a model size of (X × Y × Z) 

 × 2.5 × 6.7 mm was considered in the FE simulation ( Fig. 4 a).

he model was divided into two regions: the boundary condition 

BC) region and a free region (i.e. no nodal displacements were 

mposed within the free region and the crack is a free surface). 

n the BC region, the full-field displacements of the DVC analysis 

hat used a subset size of 64 × 64 × 64 voxels were applied to 

he nodes as boundary conditions (linear interpolation was used 

o obtain nodal displacements where there were no data). The dis- 

lacements and strains in the free region around the crack were 

alculated by the FEM, as shown in Fig. 4 b and Fig. 4 c. The val-

es of J along the crack tip were determined by the contour inte- 

ral method that is natively implemented in the Abaqus software. 

he three-dimensional stress intensity factors, K , K and K , were 
I II III 

4 
hen obtained at all points along the crack tip, using the interac- 

ion integral within Abaqus. 

. Results and discussion 

.1. Displacement field 

The FEM for determining the Young modulus assumed uniform 

oading, and comparison of the FEM displacement field ( Fig. 3 b) 

ith the DVC results ( Fig. 2 b) shows the symmetry of the numer- 

cal simulation is not quite obtained in the specimen, which may 

e due to slight misalignment of the loading anvils or non-parallel 

urfaces of the test specimen. The middle section of the specimen 

 z = 3.5 mm) was selected for the following analysis, and the dis- 

lacement and strain fields obtained by DVC and FEM are shown 

n Fig. 5 . Here there is good agreement between the displacement 

elds ( Fig. 5 a and Fig. 5 b). The strain fields ( Fig. 5 c and Fig. 5 d) also

gree well, with some local effects that are judged to be from mea- 

urement noise but may also show that the graphite is not truly 

omogeneous [29] . 

The strain concentration at the notch is more significant in the 

VC results than the FEM simulation. This is attributed to the as- 

umption of linear elastic properties in the FEM, whereas larger 

trains may develop at the stress concentration due to the non- 

inear properties of graphite. Differences in the notch geometry be- 

ween the model and the machined notch may also contribute, as 

ight the effects of mechanical damage from cutting of the notch, 

ut these would be quite local to the notch tip and so are judged 

o be less significant. 

.2. Evaluation of the Young modulus 

The Young modulus of graphite was estimated by comparing 

he numerical displacements in the X-direction with the DVC re- 

ults. For all the points on a horizontal line with the same Y co- 

rdinates, displacement vectors in the X-direction were extracted 

rom both the DVC and FEM displacement fields( Fig. 6 a), and lin- 

ar fits were applied to determine the gradient (i.e., the effective 

verage strain in the X-direction as a function of Y). In the FEM, 
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Fig. 4. Finite element analysis using the DVC-measured displacement field as boundary conditions–(a) Finite element model with different regions labelled; (b) Displacement 

field on X-Y plane ( z = 0 mm); (c) Strain field ( εx ) around crack tip on X-Y plane ( z = 0 mm). 

Fig. 5. Comparison of displacement and strain contours from DVC and FEM ( z = 3.5 mm). Load, P = 1116N–a) Displacement contours in X-direction; b) Displacement 

contours in Y-direction: c) Strain contours in X-direction; Strain contours in Y-direction. 

5 
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Fig. 6. The estimation of Young modulus–(a) Schematic diagram of displacement vectors on horizontal lines; (b) Gradient errors of each horizontal line with Young modulus 

intervals of 0.1 GPa; (c) Average gradient error of all horizontal lines. 

Fig. 7. Identification of crack length in the upper region–(a) Crack paths detected from XCT, displacement contour and edge detection images (red dashed line indicates the 

position of crack tip); (b) Crack lengths along the thickness direction. 
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his was performed for a range of assumed Young modulus and 

he gradients were compared between the DVC data to obtain the 

elative errors ( Fig. 6 b and Fig. 6 c). 

The errors were lower for Young moduli between 7.2 GPa to 

0.6 GPa ( Fig. 7 a). By considering the average error ( Fig. 7 b), the

oduli between 9.4 ∼ 10.2 GPa have an error lower than 13% 

nd the minimum average error was 12.5% when the Young mod- 

lus was 10 GPa. This is close to the nominal Young modulus of 

NG742, which is 11 GPa [40] . The optimal value of 10 GPa was

sed in the following assessment of the fracture toughness. 

The lower Young modulus obtained here may be due to neglect 

f the contribution of non-linear effects at higher strains closer to 

he notch. For irradiated graphite, the non-linearity commonly ob- 

erved in unirradiated graphite is removed [2] , and the errors in 

his simple analysis caused by ignoring the non-linearity would be 

educed. In conditions where more significant non-linearity might 

ccur (e.g. high temperatures, low irradiation dose or significant 

xidation), the Young modulus could be determined by more ad- 

anced inverse modeling, such as the double iterative finite ele- 

ent model updating (FEMU) technique with artificial neural net- 

orks (ANNs) [30] . 
6 
.3. Crack characterization 

The crack tip and crack length were determined from DVC dis- 

lacement field using the image edge detection algorithm based 

n wavelet modulus maxima. The crack paths were also identified 

anually from XCT images and by inspection of the displacement 

eld images. Their comparison ( Fig. 7 shows a section of the upper 

egion as an example) shows the crack paths obtained by the three 

ethods were quite consistent. The crack front identified directly 

rom the XCT images fluctuates, and this may be due to subjective 

rrors in judging the crack tip position against the varying con- 

rast of the porous microstructure. It may also indicate local het- 

rogeneities in material properties that locally retard or extend the 

rack. The crack front that was detected objectively by the edge de- 

ection method was used in the estimation of fracture toughness, 

ince this is directly connected to the displacement field that de- 

ermines the strain energy release rate of crack propagation within 

he specimen, and also is measured at a length scale that is greater 

han the microstructural heterogeneity. 

The mode I crack opening displacement (COD) in the upper re- 

ion, obtained using the large subset (64 × 64 × 64 voxel) DVC 
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Fig. 8. Crack opening of the upper crack–(a) X-direction strain concentration regions (64 ×64 ×64 voxel DVC subset) used to define the location of COD (crack opening 

displacement); (b) 3D plot of the COD; (c) COD curves measured at different X-Y sections along the crack front, and (inset) the relation between crack length and CMOD 

(crack mouth opening displacement). 
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ata, is shown in Fig. 8 . First, the region with a concentration 

f X-direction strain was identified ( Fig. 8 a), then the COD was 

etermined from the relative difference between the X-direction 

isplacements on either side of the strain concentration region 

 Fig. 8 b) Fig. 8 c shows how the COD profile varied across the thick-

ess (Z-axis) of the specimen. The crack length, measured from the 

rack mouth, varied by about 0.5 mm across the specimen width 

ue to the curvature of the crack front. The crack opening mouth 

isplacement (CMOD) was measured at the notch tip, and there 

as a linear trend between the CMOD and crack length. The crack 

ip opening angle was 1.5 ± 0.0 °. 

.4. Fracture toughness evaluation 

Two different measures of the crack front were considered to 

valuate the benefit of including crack curvature. The first used a 

mooth fit of the curved crack identified by the edge detection al- 

orithm ( Fig. 9 a). The second assumed a straight crack front across 

he specimen with the average crack length (1.31 mm and 1.22 mm 

or the upper and lower regions respectively). 

To assess the sensitivity of the contour integral to the size of 

he free region, five regions with different size were evaluated (de- 

ned in Fig. 4 a). A representative example, for the XY plane at 

 = 3.5 mm in the upper region ( Fig. 9 b), shows this region size

as a negligible influence. Hence, using the average of the five re- 

ions, the mode I, mode II and mode III stress intensity factors 

long the crack front were calculated for both curved and straight 

rack fronts ( Fig. 9 c and Fig. 9 d). For the curved crack front, the

ode Ⅰ stress intensity factor K I was quite constant along the crack 

ront, with average of 1.47 ± 0.05 MPa m 

1/2 for the upper crack 

nd 1.27 ± 0.05 MPa m 

1/2 for the lower crack respectively. The 

hear modes of stress intensity factor, K Ⅱ and K Ⅲ 

, were both very 

ow, with average values of 0.08 ± 0.11 and 0.02 ± 0.02 MPa m 

1/2 

or the upper crack and −0.03 ± 0.08 and 0.04 ± 0.01 MPa m 

1/2 for 

he lower crack respectively, indicating mode-I loading has been 

chieved in the DCDC specimen geometry. There is no significant 

ffect of the crack length, as shown in Fig. 9 e. The cracks prop-

gated in a stable manner, so the mode I stress intensity factor 
7 
epresents the critical condition at the crack tip and is thus a 

easure of the fracture toughness, K Ic . R-curve behavior has been 

eported in large graphite specimens [25] in which the fracture 

esistance rises with the increasing crack length, but the extent 

f crack growth in this study is insufficient to evolve toughening 

echanisms such as crack branching and bridging. Similar con- 

tant toughness with crack length has been observed in a small 

CDC specimen of Gilsocarbon graphite [22] . The value of K Ic of 

he lower crack is slightly less than that of the upper crack. This 

ifference may be due to the heterogeneity of the material, since 

he measurements are made over a quite small length scale. 

The average values of the critical mode I stress intensity fac- 

or are higher than the expected fracture toughness of SNG742 

raphite, which is reported to be 1.12 MPa m 

1/2 [41] . This is due to

he assumption of linear elasticity. As noted above, the non-linear 

eformation at the high stresses close to the crack tip will increase 

he displacements that are measured around the crack, with a con- 

equent over-estimate of the elastic strain energy release rate [22] . 

ore accurate values could be obtained with a suitable non-linear 

roperty model in the FEM that is used to calculate the J-integral, 

nd also in irradiated graphite where the deformation is more lin- 

ar. 

For the straight crack front, K I varied over the thickness, with 

ower values close to the surface where the averaged crack length 

as longer than the true value. This has also been observed pre- 

iously in thinner DCDC graphite specimens [22] . Nonetheless, the 

verage K Ⅰ of the upper and lower cracks of 1.50 ± 0.24 MPa m 

1/2 

nd 1.34 ± 0.17 MPa m 

1/2 respectively are quite close to the values 

btained using the curved crack front. Hence, while the straight 

rack front approximation may cause some error, for the level of 

urvature experienced in this study its average is sufficiently accu- 

ate. 

To evaluate the effect of uncertainty in the Young modulus, 

he stress intensity factors obtained with different Young modulus 

ere calculated. Results for the upper crack, presented in Fig. 9 e, 

how that as the modulus varied from 9 GPa to 11 GPa, the aver- 

ge mode I stress intensity factor K Ⅰ for the curved crack increased 

inearly from 1.32 to 1.61 MPa.m 

1/2 . 
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Fig. 9. Estimation of the fracture toughness in the FEM–(a) Crack fronts inserted into the FEM (upper and lower cracks); (b) K I , K II and K III for different contour integral 

regions, with curved and straight crack fronts (upper crack); (c) Variation of K I , K II and K III for the upper crack along the thickness direction; (d) V ariation of K I , K II and K III 
for the lower crack along the thickness direction; (e) Variation of K I and K II with local crack length (upper and lower cracks); (f) The effect of Young modulus on K I , K II and 

K III , for the upper crack. 
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. Conclusions 

Testing of a fine-grained graphite specimen of SNG742 graphite 

n the DCDC geometry has been observed in situ by X-ray com- 

uted tomography. Digital volume correlation measured the re- 

ulting 3D displacement fields, which were used with a linear 

lastic FEM analysis to evaluate the Young modulus and three- 

imensional stress intensity factors. 

• A simple inverse analysis of the deformation before crack ini- 

tiation estimated the elastic Young modulus at approximately 

10 GPa. 

• An edge detection algorithm applied to the DVC data provided 

an objective and reliable measure of the curved crack shape. 

The crack mouth opening varied in proportion with the lo- 

cal crack length, and the crack tip opening angle was constant 

across the crack front. 

• The mode I stress intensity K Ⅰ along the tip of the curved crack 

was approximately constant, and provided a measure of the 

fracture toughness. The mode II and mode III stress intensity 

factors were negligible. The assumption of a straight crack of 

average length produced errors of 3% compared to the curved 
crack front. s
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