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a b s t r a c t

The strain field of a crack in polygranular isotropic nuclear graphite, a quasi-brittle material, has been
studied during stable fracture propagation. Synchrotron X-ray computed tomography and strain map-
ping by diffraction were combined with digital volume correlation and phase congruency image analysis
to extract the full field displacements and elastic crystal strains. The measured displacement fields have
been analysed using a Finite Element method to extract the elastic strain energy release rate as a J-in-
tegral. Non-linear properties described the effect of microcracking on the elastic modulus in the fracture
process zone. The analysis was verified by the good agreement of the predicted and measured elastic
strain fields when using the non-linear model. The intrinsic critical elastic strain energy release rate for
mode I crack propagation is approximately 200 J m�2.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Isotropic polygranular graphite is used in the UK's advanced gas
cooled (AGR) nuclear fission reactors as a neutron moderator and
reflector. These are load-bearing components, keyed in a structure
that forms the reactor core [1,2]. Their integrity is critical to the safe
operation of the reactor. Some future high temperature nuclear
fission reactor systems will also employ polygranular graphite in
structural components [3]. Dimensional change of the graphite,
caused by fast neutron irradiation and thermal gradients, can
develop tensile stresses that have the potential to cause fracture [2].
An improved understanding and knowledge of the criteria for crack
initiation and propagation in graphite under different stress states
is important to support the structural integrity assessment of these
graphite components [4].

Graphite is generally treated as a linear elastic material and its
structural integrity is assessed using linear elastic fracture me-
chanics that assumes brittle fracture [5e8]. This leads to conser-
vative design in non-irradiated graphite at least, as it is a quasi-
.M. Barhli).
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brittle material that can exhibit non-linear mechanical behaviour
[9,10], development of permanent set after straining [11] and a
rising fracture resistance (J-R curve) with crack propagation [10].
Reports of the latter are quite variable and appear to depend on the
method of study. For instance, two studies in the same grade of
coarse grained graphite used an analysis of the full-field displace-
ments to obtain the J-integral [12] and direct measurement of the
energy required to extend the crack length [13]; both found a rising
R-curve behaviour (i.e. increase in fracture resistance with
increasing crack length) that reached a plateau after significant
crack growth (>50 mm), but differed by a factor of two. A recent
study in a fine grained graphite compared compliance based
methods to measure the critical strain energy release rate with a
simple linear elastic fracture mechanics calculation of the stress
intensity factor [14]. Rising fracture resistance was observed simi-
larly by both analyses with no plateau, though the extent of crack
propagationwas less than 10mm in this case. Polygranular graphite
also exhibits effects of size and stress state on strength [15], and
these are not fully explained by Weibull-type approaches that
consider the relative stressed volumes within a strain gradient [16]
[17]. It has been proposed that some of these differences may arise
from extrinsic factors, such as crack bridging, that may depend on
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:selim.barhli@materials.ox.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2017.08.075&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
http://dx.doi.org/10.1016/j.carbon.2017.08.075
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.carbon.2017.08.075
http://dx.doi.org/10.1016/j.carbon.2017.08.075


1 A voxel is the three-dimensional equivalent of a two-dimensional pixel.
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specimen geometry; these would act to shield the crack tip and
reduce the local stress and strain energy field [18]. Mixed mode
loading of polygranular graphite was also investigated [5,19] in
notched graphite samples where a strain energy density criterion
was shown to be suitable to predict the strength of the specimens.

Knowledge of the failure criterion in graphite is required to
resolve these issues, as well as better observations of the stresses
and strains that develop in graphite during mechanical loading.

Displacement field mapping by both DIC and the related tech-
nique of electronic speckle pattern interferometry (ESPI) has been
employed for the early detection and study of fracture nuclei in
polygranular graphite [20e23], to which the strain field is very
sensitive. The surface length of observed cracks can be measured
and their depth may be estimated from the opening displacements
[20]. Full-field displacement data also allow characterization of the
crack tip field, which describes the condition for crack propagation.
Least-squares methods have been used to fit the Williams' series
that describe the displacements or strains of a linear elastic crack to
the experimental results, and so obtain the mode I stress intensity
factor (SIF) [24], and this method has also been extended to mixed
mode loading [25]. However, the least-squares technique is quite
sensitive to accurate definition of the crack tip location [24]. An
alternative approach, which is less sensitive to the crack tip posi-
tion, is to use the measured displacement field as the boundary
condition in a finite element analysis that calculates the potential
strain energy release rate of the crack field as a contour integral (i.e.
the J-integral) [26]. The analysis requires knowledge of the stress/
strain behaviour of the material, and can address nonelinear elastic
and limited plasticity [27] and also mixed-mode loading via use of
interaction integrals [28].

Elastic strains can be studied using diffraction techniques to
measure interatomic planar spacings. Data may be obtained point-
by-point with monochromatic X-ray diffraction (XRD), Energy-
Dispersive polychromatic X-ray diffraction (EDXRD) or neutron
diffraction (ND) [29e31]. Example applications include studies of
fatigue crack overloads and closure [32,33], the role of residual
strains in the vicinity of weld heat affected zones [34], the effect of
inclusions on the strain partitioning in metal matrix composites
[35] and the mechanical shielding effect of crack bridging in stress
corrosion cracking [36]. Diffraction strain mapping can also be used
to quantify the crack field as a stress intensity factor, and a least-
square field fitting of the theoretical Williams' series to strain
maps has been used to study the relationship between the SIF value
and the growth rate (da/dN) for a fatigue crack [37]. Recently, the
contour integral method to calculate the J-integral from ameasured
crack field [26] was extended by some of the authors to the analysis
of diffraction data [38].

Diffraction of X-rays and neutrons has been used to study the
tensile and flexural behaviour of a coarse grained polygranular
graphite [10]. The study confirmed that tensile strain produced
permanent deformation, whilst the behaviour under compressive
loading was essentially elastic. Significantly, the applied tensile
strain reduced the bulk elastic modulus and relaxed the substantial
thermally induced residual elastic strains within the graphite
crystals. Both of these effects were attributed to microcrack
development. Microcracking is commonly observed in quasi-brittle
materials, such as graphite [39] and concretes [40], and a micro-
cracked fracture process zone has been observed ahead of the crack
tip in nuclear graphite [15,41]. An analogy may be established be-
tween the fracture process zone and the plastic zone in ductile
materials [42] as they both dissipate energy and lead to higher
fracture resistance. Fracture process zones can be simulated in
structural integrity calculations using cohesive models, which
implement a traction-separation law, in materials such as concrete
[40,43,44], graphite [45] and ceramic composites [46]. Such models
are important to bridge the gap between specimen tests that pro-
vide property data, and the predictive simulation of the perfor-
mance of larger engineering components.

The structural integrity assessment of nuclear graphite presents
some complications, since its elastic modulus and strength increase
with fast neutron irradiation [2] and decrease with radiolytic
oxidation [47], but there are few data for the effects of irradiation
on fracture resistance [48]. Better understanding of fracture
behaviour may increase confidence in structural integrity assess-
ments. However, if the fracture of irradiated graphite is to be un-
derstood, then non-irradiated graphite should first be addressed.
Various fracture criteria for graphite have been proposed that may
define a suitable cohesive model, including stress, strain and
energy-based criteria [13,49]. Energy-based criteria use thermo-
dynamic principles, whilst strain and stress criteria have the
advantage of being well suited to engineering design. To determine
which criterion provides the most accurate description, detailed
observations of the stress and strain states in the crack tip field are
required.

Three-dimensional observations of deformation and damage
within materials are possible through high-resolution X-ray
computed tomography (XCT) [50e53]. These can be performed
with either laboratory or synchrotron facilities; the latter offers
faster rates for in situ studies due to the brilliance of the X-rays.
Digital volume correlation (DVC) [54] can map the relative changes
in the displacement field between tomographic datasets, allowing
quantitative observations of three-dimensional deformation
[53,55,56]. In high quality tomographs of suitable microstructures,
for which the internal features provide the necessary “speckle”
contrast, the displacement measurement precision is sub-voxel,1

and both elastic and plastic deformations may be studied.
Example applications of combined tomography and image corre-
lation include observations of granular compaction of powders
[57], the measurement of elastic crack fields [58] and analysis of the
deformations induced by indentation [59,60] to determine mate-
rial's elastic and plastic properties by retro-engineering. Poly-
granular graphite is verywell suited to this type of analysis, as it has
significant porosity that is distributed over a wide range of length
scales [2,10,15].

In this work, the progressive development of the deformation
ahead of a quasi-static propagating crack in polygranular graphite is
simultaneously characterised via synchrotron X-ray diffraction to
measure the elastic strain field, and DVC of X-ray computed
tomographs to measure the total strain field via the displacement
field. The objective is to identify the fracture propagation criterion
for non-irradiated graphite. This would enable more accurate
simulation of fracture and damage nucleation in different specimen
or component geometries. It may also guide the development of
test techniques to extract the properties of irradiated nuclear
graphites, which would need to be applied to small, non-standard,
test specimens due to the practical difficulties of obtaining sub-
stantial specimens from operating reactors [61]. The experimental
observations provide the crack's dimensions and its mode of
opening under load in three-dimensions. These are implemented as
boundary conditions in a finite element simulationwith non-linear
material properties to describe the microcracking behaviour of
graphite, and the predicted stresses are verified by comparison
with the experimental observations by diffraction. The calculated
crack field is then used to obtain the strain energy release rate in
equilibrium with the stable crack as a J-integral, which describes
the criterion for mode I crack propagation.
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2. Experimental details

2.1. Material

The material is one of the graphites used in the UK Advanced
Gas-cooled Reactor fleet. Manufactured by Graftech (formally
UCAR) and supplied by EDF Energy Generation, the moulded IM1-
24 Gilsocarbon (GCMB grade) polygranular nuclear graphite has
weakly anisotropic properties. Depending on orientation, the re-
ported Young modulus, E, is between 11.6 and 11.9 GPa, with a
Poisson ratio, n, of 0.2 and a tensile strength, st, between 19 and
20MPa at a strain of approximately 2.5� 10�3 [62]. The same grade
has been studied in previous works by some of the authors
[10,15,22,41]. The graphite in this work was from the same billet as
the specimens of the previous study of Gilsocarbon graphite under
tensile and flexural loading [10].

2.2. Specimen geometry

The test specimen (Fig. 1a) was designed to facilitate tomogra-
phy and diffraction observations whilst fracture was propagated
quasi-statically from a stress concentrating notch. Conventional
grinding was used to prepare the specimen. Loading was applied by
driving a vertical steel wedge (~10� tip angle) into the notch under
displacement control. The vertical side-grooves encouraged
straight crack propagation from the notch tip in a region of near-
Fig. 1. (a) The specimen, with wedge inserted, showing a pair of steel balls attached as fiduc
been discoloured by exposure to high energy X-rays (b) Side-view drawing of the specimen
within the specimen. The dimensions of a single diffraction measurement point (“diffracting
viewed online.)
uniform thickness, and the stiffness of the specimen was
increased by the greater thickness towards the outer edges.

The digitally-controlled loading rig was equipped with a 1 kN
load cell (1 N precision); the balancing tensile load was taken by a
polycarbonate tube (internal diameter 50 mm, external diameter
60 mm) that surrounded the specimen and was X-ray and optically
transparent. Previous studies [15,41] had demonstrated the
importance of wedge alignment for uniform loading of the notch,
so a deep groove axial bearing allowed free rotation of the wedge
around the vertical axis. The specimenwas also rigidlymounted via
its screw thread (M24) to a single-axis horizontal slider. The wedge
was centred in the slot at the start of the experiment, with the aid of
radiographs. Preparatory tests determined the typical crack initia-
tion load and verified that straight crack propagation was repro-
ducible over distances in excess of 5 mm, which was satisfactory for
the planned experiment. For crack lengths approaching 10 mm
from the notch, there was a variable tendency for the crack plane to
deviate.

2.3. Synchrotron X-ray diffraction and tomography

The experiment was conducted at the Joint Engineering, Envi-
ronmental and Processing (JEEP e I12) beam line at the Diamond
Light Source in the UK [63]. Radiographs were recorded using a
PCOedge CMOS camera (2560 � 2160 pixel, 16-bit depth), with
optics selected to image an area of 8.3 � 7.0 mm (i.e. 3.24 mm per
ial points. The specimen is within the polycarbonate tube of the loading rig, which has
(c) Top view drawing of the specimen (d) Regions of diffraction maps and tomography
area”), within the mapped XRD area, are shown. (A colour version of this figure can be
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pixel). X-ray diffraction images were recorded using a Thales
Pixium RF4343, 42 � 42 cm detector (2880 � 2881 pixel, 16-bit
depth), located at a distance of 2.55 m from the specimen. At the
chosen mono-chromatic X-ray beam energy (81.04 keV), this dis-
tance allowed the collection of Bragg diffraction rings up to a 2q
angle of about 5.5� (i.e. maximum {hkl} of {011} for graphite). Ceria
powder diffraction observations were used to calibrate the detector
distance from the vertical rotation axis of the specimen stage. Slits
were used to reduce the incident X-ray beam to a size of
1.5 � 1.5 mm for the diffraction observations. They were removed
for radiography and tomography. The exposures were 1 s for each
diffraction pattern and 0.3 s for radiographs.

Tomographs were recorded with 3000 radiographs over a 180�

rotation, and a standard back-filtered projection algorithm [64] was
used for the image reconstructions. For noise reduction, a slice-by-
slice 2-D median filter of 1 pixel radius was applied to the hori-
zontal slices of the reconstructed 3-D volumes using the software
ImageJ [65]. At each observation, three overlapping tomographs
were acquired to record a total volume of 17.0 � 7.0 � 7.0 mm, the
overlap between tomographs was 2 mm in the vertical axis
(Fig.1d). Themaximumpath length of X-rays through the specimen
was greater than the dimension of the tomographed volume, but
due to the low X-ray attenuation of graphite, no corrections for the
specimen geometry were applied in the reconstruction of these
region-of-interest tomographs.

The diffraction maps were collected in the x-y plane, with the
beam oriented in the z-direction (Fig. 1d). The measurement points
were positioned at 750 mm intervals, by translation of the spec-
imen, to map a rectangular region measuring 20 mm in the y di-
rection and 10mm in the x direction. Each diffracting gauge volume
had a 50% overlap at the incident surface with adjacent measure-
ments. The mapped region was centred horizontally on the notch
tip, and positioned vertically to include the notch tip and the region
beyond. Radiographs of the specimenwith small fiducial steel balls
attached to its surface were used to align the notch parallel to the
beam.

Computer scripts were used to control the experiment, in
particular automating the detector and specimen movements for
the changeover between imaging and diffraction modes, the
diffraction mapping and the collection of consecutive overlapping
tomographs. A synchrotron X-ray beam interruption occurred near
to the end of the allocation period of the experiment, and one
diffraction map was acquired during a transient of the X-ray
monochromator temperature. This slightly affected the beam en-
ergy, and these data were corrected using the procedure described
in the Supporting information, Section 1.
2.4. Loading sequence

A reference tomograph and a reference diffraction map were
obtained with the wedge inserted at a pre-load of 8 N. The wedge
was then inserted further in displacement control at a rate of
0.2 mm/min whilst the load was monitored. Visual inspection of
radiographs was used to assess the approximate increment of the
crack length, and the wedge insertion was arrested at constant
displacement when the crack was judged to have propagated a
sufficient distance. A set of tomographs and a diffraction map were
obtained of the loaded specimen, which was then unloaded
completely by removal of the wedge, and tomography and
diffraction mapping were repeated. This procedure was cycled to
obtain 5 sets of loaded and unloaded data of a progressively
propagated crack, although the available beam time did not permit
the collection of a final set of tomographs of the unloaded specimen
in the 5th cycle.
3. Analysis methods

3.1. X-ray tomography and digital volume correlation

Image thresholding and segmentation methods that are
commonly used to quantify the dimensions of cracks in X-ray
tomographs are difficult to apply in nuclear graphite due to the
high levels of connected porosity [15]. Hence, the tomographs of
the loaded specimen were visually inspected, slice-by-slice, to
identify the crack tip position at intervals of 50 pixels (~160 mm)
across the specimen thickness. The uncertainty in the assessment
of crack tip position at each point was conservatively estimated to
be 32 mm (i.e. 10 pixels).

DVC analysis was applied to all of the tomographs to retrieve the
displacement field relative to the reference tomograph. The 16-bit
images were first converted to 8-bit; the extreme values of the 8-
bit range (i.e. 0 and 255) were assigned to the same minimum
and maximum grey level values that were observed in the 16-bit
data for all the scans, with the objective of reducing the potential
data loss in this process. Each tomograph was cropped to
2560 � 1536 x 2112 voxels to remove the majority of the empty
volume outside of the specimen. The DVC analysis was performed
using the LaVision DaVis (Version 8.1) software, employing a
multipass FFT-based algorithm; the first pass used cubic subset
sizes of 2563 voxels with an overlap between subsets of 75% and the
second pass 1283 voxels with 75% overlap. All points with a cor-
relation coefficient below 0.8 were discarded (i.e. set to NaN
values). For each observation, the 3 overlapping tomographs were
processed separately and the displacement vector data were
stitched by averaging in the overlapped region. On comparison of
the average vector representative of each tomograph in the overlap
region, the magnitude of the difference between vectors was less
than 2.0 mm (i.e. 0.6 voxel). This was regarded as a measure of the
uncertainty in the DVC measurement of displacements. The com-
bined dataset was then corrected for small rigid body displace-
ments and rigid body rotations, measured relative to the reference,
based on the algorithm described in Ref. [59]. The final data have a
coordinate system defined such that: the lowest point of the notch
tip is at y ¼ 0 and the y axis is positive towards the bottom of the
specimen; the x axis is positive towards the right, with the notch tip
at x ¼ 4.5 mm; and the z axis is in the X-ray beam propagation
direction, with centre of the notch at z ¼ 1.5 mm.

3.2. Strain mapping by diffraction

The raw diffraction data are images of the Bragg diffraction
rings, containing all reflections to a maximum Bragg angle of ~5.5�.
An example X-ray diffraction pattern is shown in Fig. 2. A large slit
size of 1.5 mmwas chosen as the diffraction patterns from smaller
slits can be affected by local texture in the coarse Gilsocarbon
microstructure [2,66]. The (002) ring located at 2.55� was of in-
terest as it has the highest intensity and the anisotropic graphite
crystal has its largest elastic compliance normal to this plane; the
effect of tensile loading on this reflection has been studied previ-
ously by some of the authors [10] using a cross-correlation meth-
odology to measure diffraction peak shifts with improved
precision. Ring centres were determined by ellipse fitting of a
cerium oxide (CeO2) power calibration sample, and then data
averaging was done by binning at 1� intervals of azimuth angle, so
that for each sector a radial intensity profile was obtained by
integration. For additional details on peak shape in similar exper-
iments, the reader may refer to [10], which compares X-ray and
neutron diffraction. The cross-correlation method was applied to
measure the shift of the (002) peak (i.e. the change in ring radius)
relative to the reference diffraction data at the same position on the



Fig. 2. Example X-ray diffraction image for Gilsocarbon graphite, with a line profile of the measured intensity (16 bit) along the radius at 0� at a sample to detector distance of
2.55 m. The (002) Bragg reflection is marked. The pixel size is 148 mm.

Fig. 3. Load e crosshead displacement data for all cycles; loading is shown with solid
symbols, and unloading with open symbols. For Cycle 2 and Cycle 3, the loading curve
is traced through the available data using a quadratic best-fit (both R2 > 0.99).
Tomographs and diffraction maps were collected at the points labelled “Load 1” etc. (A
colour version of this figure can be viewed online.)
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specimen, so retrieving the principal strains and their azimuth
orientation. A rotation matrix was applied to the principal strain
diagonal tensor to retrieve the strains εxx, εyy and εxy in the coor-
dinate system of the specimen. This was done for all of the 378
diffraction patterns that constituted each diffraction map, and the
data were visualised using contour plot methods in Matlab®.
Strains calculated by this analysis method in polygranular graphite
have a random measurement error of 1.2 � 10�5 [10].

Applied loads may cause movements of the specimen along the
direction of the beam that will have a geometric magnifying or
diminutive effect on the diffraction ring radius [10], which in-
troduces artificial strains. The experimental set-up did not permit
calibration of the specimen to detector distance (e.g. with a ceria
reference) once loading has commenced, so the effects of specimen
movements were corrected for each diffraction data point by direct
measurement of the specimen position, relative to the calibrated
rotation axis, using the raw tomography/DVC results. These had not
been corrected for rigid body movements, and so measured the
specimen position in the frame of reference of the synchrotron. The
displacements along the beam were determined by first averaging
the DVC-measured displacements through the specimen thickness
in the beam direction. These had a spatial interval of ~100 mm, so
the obtained 2-D displacement field was interpolated to obtain the
displacement at the exact position of each diffraction measure-
ment. In the previous study of a tensile test of graphite [10], the
corrections for specimen movement were quite significant due to
the flexibility of the load train, but in this case, due to the high ri-
gidity of the loading jig, the maximum movement was between 6
and 10 mm in the z direction and did not change significantly with
applied load.Without correction, this movementwould introduce a
strain bias of approximately 4 � 10�6. There is no measurable error
from the positioning reproducibility of the Pixium detector be-
tween diffraction observations; this was measured using image
correlation of diffraction images to be better than 1 mm.

4. Results

The raw data of the load vs. crosshead displacement for the 5
load cycles are presented in Fig. 3, in which the red crosses identify
the recording of diffraction maps and tomographs whilst the
specimen was maintained under load at a fixed wedge displace-
ment. The load at these observations was manually recorded,
before and after each mapping and imaging sequence, and did not
reduce by more than 12% over each period. Contact between the
wedge and the test specimen above 10 N is apparent in the initial
loading of each cycle e the wedge was removed completely be-
tween each cycle. The data are offset in displacement between
cycles, which is attributed to damage that occurred at the contact
between the wedge and the specimen. The reported displacements
do not correctly represent the wedge position in the specimen's
notch during unloading. This is due to friction that allowed slack
movement in the thrust bearing to be taken up when the crosshead
displacement was reversed, before the wedge itself was removed. A
software issue affected data logging during cycles 2 and 3 and fewer
load/displacement data points are available to show the loading
curves, so the trend line has been fitted through the available data.

The radiographs (e.g. Fig. 4), were adequate to assess the
approximate position of the crack tip during the experiment, but
are not sufficiently sensitive for reliable measurements of the crack
dimensions. This was done using the tomography data. Example
sections of a tomograph of the specimen (cycle 3, loaded) are
presented in Fig. 5. Automatic segmentation of the crack is



Fig. 4. Radiograph taken at Cycle 3 (Loaded), used for approximate monitoring of crack
length during the experiment.
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unreliable due to the high density of connected pores, so a manual
slice-by-slice segmentationwas done to provide a 3-D visualization
of the crack. This confirms a straight crack has propagated parallel
to the notch plane. The crack is continuous, with some bridged
regions apparent as holes in the crack [18]. Some of the bridges near
to the crack tip may be positions where the crack opening
displacement is too small, compared to the voxel size, to provide
sufficient contrast [22].

The crack's geometry was also measured using a 3-D edge
Fig. 5. The crack at Cycle 3, loaded. (a) 3-D visualization of the manual segmentation of the
position of slice in (b) is shown as a dotted line in (c). Artefacts due to the ‘region of interest’
at the mouths of the side-grooves in (b); (d) zoomed view of the crack tip region, which is o
(b). (A colour version of this figure can be viewed online.)
detection analysis (E-D) that employs a method [67] based on
phase congruency. Applied to the displacement field, it is very
sensitive to the discontinuity of the crack. The positional uncer-
tainty depends on the interval between displacement vectors,
which in this case is 100 mm. The crack opening displacements were
obtained from the difference between the closest DVC displace-
ment vectors on either side of the crack, with an uncertainty that
depends on the DVCmeasurement precision (i.e. ~2 mm). Applied to
the DVC data (Fig. 6a), this provides a direct 2-D measurement of
the crack opening profile over the crack plane (Fig. 6b), and shows
that the crack does not fully close when the load is removed. The
crack length was measured using both the visual analysis of the
tomographs (loaded) and the edge detection analysis of the
displacement field (loaded and unloaded). Measurements were
made of the crack depth from the notch across the specimen
thickness (Fig. 7a); the standard deviation of the observations
provides the uncertainty in crack tip position, which was around
0.4 mm for both types of analysis. A good agreement is observed
between the two methods for the loaded crack, but the edge-
detection analysis of the unloaded displacements consistently
shows a shorter crack length than the loaded data.

The observations of the loaded crack define its shape (Fig. 7b).
Crack initiation occurred in cycle 1, which is also indicated by the
reduction in the load/displacement gradient observed above 40 N
(Fig. 3), but the crack did not propagate fully across the specimen
thickness; in this cycle the maximum deviation of the observed
crack front from the average crack length (including the notch
crack (each square on the grid is 320 mm); (b) xz-planar slice (c) yx-planar slice; The
tomography can be seen in the central section of (c), close to the rotation axis, and also
utlined by a dashed box in (c). Some crack bridges are indicated in by arrows in (a) and



Fig. 6. (a) Example map of the Ux displacement field obtained by DVC of tomographs (Cycle 3, loaded), shown in the xy plane at z ¼ 1.5 mm, compared with (b) edge-detection
(EeD) applied to the same displacement field by phase-congruency, the technique produces a binary image; pixels detected as part of an edge (i.e. crack) are shown in yellow. The
crack tip position, detected by E-D, is shown as a red circle; (c) 3-D measurement of the crack opening displacements for Cycle 3 (Loaded and Unloaded) using the E-D method. The
notch tip is at y ¼ 0. (A colour version of this figure can be viewed online.)
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depth) was ~8%, measured using edge detection. There was no
significant propagation of the crack front in the second cycle. This is
consistent with the linear load/displacement trace measured dur-
ing loading in cycle 2, although in this cycle the crack developed
fully across the specimen thickness to achieve amore uniform crack
length. The load peak in cycle 4 and the load plateau in cycle 5
indicate further crack extension, which is confirmed by the tomo-
graphs, and although the load/displacement data in cycle 3 are
sparse, there is a clear decrease in the load/displacement gradient
above 40 N that is consistent with crack propagation. In cycles 2 to
5, the maximum deviation of the crack front from the average crack
length, measured by edge detection, was ~5%, (average 1.7%). The
visual analysis of the tomographs shows that the crack was always
within 0.4 mm of the central plane of the specimen, except for cycle
5 where the crack deviated by up to 1 mm at some positions. In all
cycles, the maximum deviation of the crack plane was less than 17�,
measured over an arbitrary distance of 2 mm from the crack tip,
thus in terms of the closest relevant standard (e.g. ASTM 647 [68])
the crack was essentially planar.
Two different analysis methods were used to assess the mode I
crack openings (Fig. 8). The first (DVC) had been applied in previous
studies [41] and measures the difference between the Ux dis-
placements on either side of the crack in the direction perpendic-
ular to the notch plane. These were obtained at a fixed position of
z ¼ 1.5 mm that is close to the specimen's central axis, along two
0.4 mm wide bands running in the x direction that are located at
approximately 0.4 mm on either side of the crack. The distance
between each DVC data point is ~0.1mm, so 4 points were averaged
at each y position. Data points where the standard deviation of the
displacement vector magnitude of the averaged points was higher
than their average value were censored. The censored points are
less than 1% of the data and arise from poor DVC correlation; they
were preferentially located at the bottom of the tomographs
(probably due to the shape of the X-ray beam) and therefore
affected regions where the tomographs overlapped (shown in light
grey in Fig. 8a and b). Censored points also arise from local effects of
ring artefacts in the tomographs. Ring artefacts are caused by de-
fects in the optical imaging system, such as dust on the scintillator,



Fig. 7. Measurement of the crack length: (a) Average crack depths (measured from
notch tip at y ¼ 0 mm), obtained by assessment of the crack tip position by visual
inspection of tomographs and edge-detection analysis of the DVC displacement field.
The crack tip position, assessed from the location of the strain peak measured by
diffraction, is also shown; (b) Crack depth across the specimen thickness, measured
under load e the full symbols show data obtained by edge-detection analysis (mea-
surement error ~100 mm) of the DVC displacement field, open symbols show data
obtained by visual inspection of tomographs (measurement error ~30 mm). (A colour
version of this figure can be viewed online.)
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the optics and/or the detector or faulty pixels on the sensor. This
generates artefacts at a fixed position on the radiographs that
become rings in the reconstructed image and influence the DVC
measured strains [64].

The second method (E-D) used the edge-detection method to
identify the discontinuity of the crack [67]; the crack opening
displacement was obtained as the relative displacement between
the displacement vectors closest to the discontinuity, so no data
were extracted ahead of the crack tip. Here also, the position
z ¼ 1.5 mm was considered. Both crack opening profiles are quite
similar, as shown by the examples in Fig. 8a and b, and both show
the residual opening of the crack after unloading that is visualised
in Fig. 6b. The crack tip position is sharply defined by the edge-
detection method, but the DVC analysis shows a significant zone
ahead of the loaded crack tip, several mm in length, with a
measurable displacement difference across the crack plane.
Observed previously [15], this has been attributed to the effect of
microcracking in the fracture process zone. It is not found by the
edge detection method, which is sensitive to steeper gradients in
the displacement field. The full field analysis of tomographs pro-
vides 3-D vector displacement data, so the relative displacements
that create mode II and mode III shearing of the crack faces can also
be examined. Measurements were extracted using the edge-
detection analysis, at the crack mouth (i.e. at y ¼ 0) at all z posi-
tions and were averaged (Fig. 8c). The mode I displacement at this
position increases with crack length. There is no significant mode II
displacement in any observation, nor is there a significant mode III
displacement until the final observation at the longest crack length.
Hence the crack is loaded in mode I, except for the final observation
(cycle 5), which has mixed mode loading.

The elastic strains εxx, εyy and εxy, measured by diffraction
mapping of the change in the (002) interplanar spacing, are pre-
sented in Fig. 9 for both the loaded and unloaded states for each of
the loading cycles. In the loaded state, there is a tensile peak in the
strain field ahead of the notch that moves further from the notch
with successive load cycles. When unloaded, a region of compres-
sive strain extends to approximately the same position. This is
shown in more detail in Fig. 10, using the strain εxx. The data are the
average, at the same distance, of the elastic strains in a band of
3 mm thickness that is parallel to the notch plane; this band is
identified in Fig. 10 (see εxx. unloaded, cycle 1). The strains are
presented as a function of distance from the crack tip, identified by
the visual examination of the tomographs at that location (i.e.
Fig. 7), for which the positional uncertainty is approximately 30 mm.
The peak strain is, on average, located at the crack tip position and
there is a gradual increase in strain from cycles 1 to 5. There are
tensile strains behind the crack tip when it is loaded, over a dis-
tance that increases to 5 mm as the crack propagates, and these
strains become generally compressive when the load is removed.

5. Analysis

The crack is approximately planar with a reasonably straight
crack front (Fig. 7b) and it is loaded predominantly in mode I
(Fig. 8c), except for the final observation at the longest length that
has a significant component of mode III shear. The average crack tip
position is identified similarly by both visualization and measure-
ment of the crack opening displacements; the average difference
between the two techniques is of 220 mm, with the visual mea-
surement being consistently equal or longer than the measurement
from the crack opening displacements (Fig. 7a). So the crack is
visualised well by X-ray tomography at 3.24 mm voxel resolution.
The crack opening displacement data show the crack remains open
when unloaded, with an opening that is approximately 20e30% of
the crack opening displacement of the previous loading step
(Fig. 8). This is consistent with previous measurements [15], and
may be attributed to the fracture surface roughness that prevents
full closure of the crack.

The fracture process zone is apparent as a zone of increased
displacement ahead of the loaded crack tip (Fig. 8), which is shown
by the difference between the edge-detection and the direct DVC
measurements. The XRD maps in the unloaded state show signifi-
cant compressive strains in the crack wake (Figs. 9 and 10a). The
previous diffraction study of tensile loading in graphite [10] also
found a compressive strain change relative to the as-received
condition after the application of small tensile strains. This was
proposed to be the result of relaxation, via microcracking, of the
significant thermal residual stresses that exist in themicrostructure
after cooling from the high temperature graphitisation treatment.
The observation of a compressive strain change in the crack wake is
further evidence of a fracture process zone that is damaged by
tensile strain. Its size remains approximately 2 mm as the crack
extends. The tensile strain profiles (Fig. 10b) for cycles 2 and 3
exhibit the classical inverse square root singularity of an elastic
crack field, although this cannot be affirmed for cycle 1, 4 and 5.
This may be due to the non-linear deformation and micro-cracking
damage in the fracture process zone, which could affect the shape
of the elastic crack field.

The objective of this work is to determine the fracture criterion
for graphite. As the observations of the loaded crack were obtained
in static equilibriumwith the applied deformation that caused it to



Fig. 8. Measurements of the crack opening displacements. The mode I opening profile was obtained by both direct DVC analysis and edge detection (EeD) processing of the
displacement field. The data are recorded at the centreline position, (z ¼ 1.5 mm) in the (a) loaded and (b) unloaded states (the region where tomographs overlap is indicated in
light grey). In (c) the mode I, mode II and mode III crack mouth displacements are shown for the loaded state; the data are taken at the notch position (i.e. y ¼ 0 mm) averaged along
the z direction. (A colour version of this figure can be viewed online.)
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propagate, it is assumed that the states of stress and strain ahead of
the crack tip are representative of this criterion. The simplest
fracture propagation criterion would be a critical strain or stress
[8,69,70], which might be assessed at some characteristic distance
from the crack tip. The magnitude of the total strain in the fracture
process zone can be estimated using the mode I displacement
difference, measured by DVC across the crack plane at an arbitrary
distance of 0.5 mm ahead of the crack tip (Fig. 11). This displace-
ment difference has no significant trend with crack length, and it
has an average value of 7.4 mm: measured over a gauge length of
0.8 mm, this represents an approximate strain of 9.25 � 10�3. This
might support a total strain criterion. However, the diffraction-
measured elastic strains ahead of the crack tip increase in magni-
tude with crack extension (i.e. the peak strains in Fig. 10), which
suggests that a constant strain failure criterion is insufficient. A best
fit to the relationship between applied stress and the elastic strain
measured by diffraction, obtained in a tensile test [10] (see
Supporting information, Section 3), was used to estimate the stress
at the strain peak (Fig.11). Both the elastic strain and stress increase
as the crack extends, so a constant stress failure criterion is also
insufficient to describe the condition for crack propagation.

The crack field governs the rate of release of elastic strain energy
that is available for crack extension. It is necessary condition for
crack propagation that this exceeds the energy required to extend
the crack by surface creation and associated non-reversible damage
mechanisms. The elastic strain energy release rate of the strain field
of a crack is described by its J-integral [71]. Commonly used in
structural integrity assessments of cracked components, the J-in-
tegral can be obtained directly by finite element simulation with
knowledge of the applied loading, component geometry and ma-
terial properties. The J-integral in static equilibrium with a loaded
crack can also be calculated from experimental observations of the
displacement or strain field [26,55]. The displacement field data
obtained in this work were therefore analysed to calculate the J-
integral in the loaded specimen as the crack was quasi-statically
extended, to investigate whether this described the necessary
fracture criteria. The analysis method, which injects the displace-
ment field into a Finite Element (FE) simulation as the boundary
conditions, has an advantage over field fitting approaches (e.g.
Ref. [56]), as it does not need to assume that the crack field follows a
particular function, such as the singularity of a stress concentration
in a linear elastic material. This is of particular utility for quasi-
brittle materials such as graphite, which exhibits a non-linear
stress-strain relationship and a change in elastic modulus with
tensile strain [10]. The original method [72] used a 2-D model to
analyse surface DIC data. It has been extended here to three di-
mensions to make use of the volumetric data provided by DVC, as
detailed in the Supporting information, Section 2. A description of



Fig. 9. Diffraction maps for all load and unload states. The region used for the strain profiles that are presented in Fig. 10 is defined on Cycle1, Unloaded (εxx). (A colour version of this
figure can be viewed online.)
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its application is provided here.
Three-dimensional FE models (in Abaqus 6.13) of the crack were

meshed with eight-node linear brick elements that used full inte-
gration (i.e. 8 integration points per element). The element mesh
size was 45 mm in the crack tip region, increasing to 250 mm at
positions remote from the crack tip to reduce computational cost.
Each FE model was registered in position and orientation with the
reference tomograph, and so was also registered with the
displacement field provided by the DVC analysis. A planar crackwas
defined with constant length across the specimen thickness, using
the average crack lengthsmeasured by the visual observation of the
tomographs. A full model of the test specimen was not required in



Fig. 10. Elastic strain profiles measured by diffraction, presented as εxx, as a function of
distance from the crack tip. Data for the loaded state are shown in full symbols, and the
unloaded state in open symbols. The crack tip position was determined from the visual
observation of tomographs. The expected uncertainty in strain measurement is
1.2 � 10�5. (a) linear axis scale (b) log-log axis scale (loaded data ahead of the crack tip
only, for clarity). The dashed line shows the gradient of the theoretical linear elastic
singularity (1/r0.5). (A colour version of this figure can be viewed online.)

Fig. 11. The crack tip opening displacement, measured by DVC at a distance of 0.5 mm
ahead of the visually observed crack tip, as a function of the average crack length. The
crack tip stress (i.e. the peak stress ahead of the crack tip), sxx, measured perpendicular
to the crack plane is calculated from the XRD determined peak strain, εxx, using the
empirical relationship measured in Ref. [10] (reproduced in Supporting information,
Section 3). (A colour version of this figure can be viewed online.)
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this analysis, and the model has the same dimensions as the DVC
data (a figure of the model is shown in the Supporting information,
Section 2), which are on a regular 3-D grid of 96 mm intervals (323

voxels). This does not match the FE mesh, so the DVC data were
interpolated onto the FE mesh using a Radial Basis Function (RBF)
network interpolator, based on the techniques described in
Ref. [73] and coded in Matlab®. The DVC data were censored (i.e.
masked) close to the crack tip where DVC may give erroneous re-
sults due to steep strain gradients and the discontinuity of the crack
[74]; themask was applied to a volume of 1.5 mmwidth, centred on
the notch and extending 3 mm beyond the crack tip (the arrange-
ment of the mask is presented in the Supporting information,
Section 2). The FE model calculates the displacements within the
masked region, since the displacements of the nodes at its
boundary are provided by the DVC measurements. The J-integral
integration contours are within the masked region, as the noise in
the DVC data did not allow reliable calculation of a contour-
independent J-integral from the directly measured displacements.
No experimental data from the fracture process zone were used, as
it was within the masked region. The J-integral was calculated over
20 contours to verify contour independency and the volume inte-
gral approach natively implemented in Abaqus was used [75]. This
provided a J-integral evaluation at all the nodes along the crack
front. These were averaged, and the standard deviation, which was
greater than the variation between contours, was used as a mea-
sure of the uncertainty of the J-integral. The analysis makes no use
of the applied load-displacement data (i.e. Fig. 3). Due to the
computationally intensive aspect of the problem, each FE model
was run on a high-end workstation using CPU parallelization over 8
cores.

The J-integral calculations were performed for the displacement
fields obtained in the loaded condition of each cycle. Two material
models were implemented: (i) an isotropic linear elastic model
with typical bulk properties of Gilsocarbon graphite [62]
(E ¼ 11600 MPa, n ¼ 0.20); and (ii) an isotropic non-linear elastic
model described with a custom UMAT (User-defined MATerial law)
coded in Fortran, which determines the element's elastic modulus
as a function of the maximal principal tensile strain in the element.
The calibration for the UMAT is provided in the Supporting
information, Section 3. The Young's modulus is not affected by
compressive loading and a numerical limit was imposed for tensile
strains above 1% in order to prevent numerical instability. Such high
strains occurred only in crack tip elements.

The results were assessed by comparison of the sxx stress pro-
files calculated by FE with stresses calculated from the diffraction
measured strains (εxx) (Fig. 10) using the tensile strain-stress cali-
bration curve obtained in Ref. [10] (reproduced in Supporting
information, Section 3). Due to the diffraction slit size, each XRD
data point represents the average stresses in a region measuring
1.5 � 1.5 mm, projected through the specimen thickness. To allow a
direct comparison, the FE data were binned over a 1.5 mm gauge
length with a moving average (Fig. 12a), which has the effect of
reducing the maximum stress reported close to the crack tip.
Assumption of linear elasticity significantly increases the stresses,
even with binning, whereas the non-linear UMAT provides a
generally good agreement with the experimental data for all the
load cycles (Fig. 12b), particularly at high stress. The poor agree-
ment at lower stresses in cycle 4 may be due to DVC errors arising
from ring artefacts in the tomography data for this cycle.

The J-integral was calculated from the FE simulations, using



Fig. 12. (a) Stress profiles (sxx) perpendicular to the crack plane for cycle 3 (Loaded), presenting a comparison between the XRD data and FE data with constant and UMAT-defined
elastic properties. The positions of the XRD data are measured relative to the crack tip position defined by the visual observations of the tomographs. The ‘raw’ data is binned in the
x direction over 1.5 mm, this has little effect on the data; The ‘binned’ data has an additional binning applied on the y axis, it reproduces the averaging effect of the XRD slit size. (b)
A 1-to-1 comparison between the XRD and FE stress data for all points with a distance ahead of the crack tip. Error in the stresses is estimated around ±0.8 MPa. (A colour version of
this figure can be viewed online.)
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both a constant elastic modulus and the UMAT properties (Fig. 13).
Higher values are obtained with constant elastic modulus due to
the higher stresses close to the crack tip compared to the UMAT,
which reduces the elastic modulus with increasing tensile strain.
The results from the first cycle (Load 1) are unlikely to be valid as
the curved crack front (i.e. Fig. 7b) would reduce the deformation
measured by DVC, and so reduce the calculated strain energy. The
ring artefacts that influence the total strains in cycle 4 affect only
the lower stressed regions (Fig. 12b), and so do not significantly
affect the J-integral calculation. For the last cycle (Load 5), the shear
strains from the significant Mode III loading add to the J-integral,
which does not separate the strain energy contributions of the
different modes. To calculate the mode I strain energy release rate
under mixed mode conditions would require the use of a 3-D
interaction integral, which is beyond the scope of the current
work. For cycles 2 to 4, the J-integral strain energy release rate
Fig. 13. Strain energy release rate determined as a J-integral as a function of the crack
length, which was determined via visual observation of the tomographs. The y-error
bar is the standard deviation of the J-integral values along the crack front. (A colour
version of this figure can be viewed online.)
calculated with the assumption of linear elasticity is substantially
higher than the one calculated with the strain dependent UMAT.
The respective average values are of 424 ± 47 J m�2 and
190 ± 25 J m�2 (i.e. Fig. 13). With the strain dependent UMAT, the
predicted stresses are quite consistent with the diffraction mea-
surements, thus giving higher confidence in the J-integral values
determined via this route.

When the J value is obtained using an inelastic material law it
seems erroneous to use the undamaged bulk elastic modulus to
convert J to K. Because of this, Kc values are not presented. However,
a nominal Kc can be determined using the undamaged bulk elastic
modulus and the standard linear elastic relationships.
6. Discussion

Previous studies of fracture propagation in Gilsocarbon graphite
have reported a range of values of fracture propagation resistance.
Direct measurements of the work of fracture, via the change in
specimen compliance with crack length in compact tension speci-
mens [18], obtained a fracture resistance that rose from 100 to
400 J m�2 as the crack extended up to 30 mm in length. Computed
tomographs showed the crack front was bowed and bridged by
substantial ligaments of material. Such significant bridging may
introduce a mechanical shielding effect that could contribute
significantly to the apparent fracture resistance [36]. Crack bowing
could also lead to errors in the assessment of crack length, and the
consequent work of fracture, and this may have affected some
earlier studies of Gilsocarbon graphite [13,76] that relied on surface
observations. Significant crack bowing was avoided in studies of
Gilsocarbon that used double-torsion specimens [12], in which the
fracture resistance to propagate the crack, measured over distances
up to 50 mm, reached a plateau of 500 J m�2. Its separation into the
elastic strain energy release rate and the non-linear inelastic work,
by analysis of the load-displacement traces following themethod of
Sakai [77], showed the elastic energy component was constant at
around 250 J m�2. More recently, direct measurements of the total
work of fracture in chevron-notched specimens of Gilsocarbon
graphite [78], reported values of between 200 and 300 J m�2, with
an increase with specimen size. Small chevron specimens do not
develop significant inelastic deformation or crack bridging, so their
total fracture energy would be expected to approach the intrinsic
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toughness of the microstructure. The critical elastic strain energy
release ratewas calculated directly from the crack field in this study
(Fig. 13), and its value of approximately 200 J m�2 is quite consis-
tent with the independent measurements obtained in the same
material. It measures the intrinsic fracture resistance of the
microstructure, as graphite is a quasi-brittle material that exhibits
no significant plastic deformation. The intrinsic fracture resistance,
which is calculated from the crack field, is expected to be inde-
pendent of size. However, the total fracture resistance also includes
the extrinsic contributions from the development of redundant
microcracking in the specimen that does not contribute directly to
crack propagation, and crack wake processes such as bridging. Both
may depend on the specimen and crack geometry, and so will
introduce size dependence. Wake processes that depend on friction
may also be sensitive to the mode of crack loading [79].

In summary, the analysis of the experimental data presented in
this paper shows that themode I elastic strain energy release rate in
the crack tip field provides a satisfactory fracture propagation cri-
terion for polygranular graphite. Direct analysis of the crack field, as
done in this work, serves to measure the intrinsic fracture resis-
tance of the microstructure. To predict unstable fracture propaga-
tion in engineering components, and to assess material properties
from fracture analyses, it would be important to account also for
the redundant damage and residual strains in the microstructure
and other extrinsic factors that can increase the apparent work of
fracture.

7. Conclusions

� Tensile strain reduces the elastic properties of polygranular
nuclear graphite, and this reduces the stress field at the crack
tip. This has been demonstrated by synchrotron X-ray tomog-
raphy, analysed by digital volume correlation, and synchrotron
X-ray diffraction to map the total strain and elastic strain fields
of a statically loaded crack.

� Finite element simulation, with a suitable material law and
directly measured boundary conditions of the deformation
acting on the crack, can be used to calculate the elastic strain
field, which can be expressed as a J-integral. The value obtained
for a mode I crack that is in static equilibrium is the intrinsic
fracture resistance of polygranular nuclear graphite.

� A method has been presented that permits a direct comparison
between the measured elastic strains of the crack field, with
those calculated from the measured displacement field. This
may have utility in other situations such as the effects of residual
stress on fracture and fatigue.
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