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3D X-ray Microtomography Volume Correlation to Study

Fatigue Crack Growth

By Nathalie Limodin, Julien Réthoré, Jean-Yves Buffiere, Francois Hild, Wolfgang Ludwig,

Johann Rannou and Stéphane Roux

Global digital volume correlation is used to analyze a series of computed tomography images of a
nodular graphite cast iron specimen subjected in situ to a fatigue test. From the obtained displacement
field, a specific procedure is implemented to extract stress intensity factors all along the crack front. The
proposed methodology allows one to measure key parameters in fatique crack propagation directly from

3D images.

The dramatic human and environmental risks resulting
from possible failures due, for instance, to cracks in aeronautic
or nuclear structures, justify the amount of work dedicated to
the improvement of their safety. The ability of predicting the
lifetime of a component requires both material and mechan-
ical knowledge in experimental, theoretical, and numerical
fields. Many factors influence the crack growth rate under
cyclic loading and lead to retardation or acceleration effects
linked to crack closure and small scale yielding, combined
loading and bifurcation.!! Recent experimental facilities such
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as X-ray synchrotrons or lab tomographs allow for in situ and
continuous monitoring of crack growth in opaque materials,
and offer new possibilities in the understanding of fracture
mechanisms.

X-ray computed microtomography is becoming useful for
studying many materials.">*! In particular, it has been used to
analyze cracks in opaque materials. For instance, microcrack-
ing in various composites'! or cementitious materials'"!
could be visualized. From these observations, a coupling with
numerical simulations was shown to be possible."!! Crack
openings were also determined by direct analysis of
reconstructed volumes,"*'*! and stress intensity factors (SIFs)
were estimated at the tip of a crack in an aluminum sample
under increasing load by tracking manually the displacement
of small porosities." In the present paper, it is proposed to
resort to correlation techniques applied to reconstructed
volumes'™® at different loading stages for the analysis of
fatigue crack growth. This information gives access to crack
opening displacements (CODs) and SIFs, thereby enabling for
a quantitative analysis of crack propagation.

In order to characterize fatigue cracks, it is proposed to
estimate quantitatively displacement fields around cracks
using digital volume correlation (DVC). The displacement
field is computed so that the image of the loaded sample is
matched to the reference image when voxel locations are
corrected for by the estimated motion. The most commonly
used digital image correlation (DIC) algorithms consist in
matching locally small zones in a sequence of pictures to
determine local displacement components.'"® The same type
of hypotheses is made in three-dimensional DVC algo-
rithms."7"?! In the present study, a different algorithm is
used, namely a Galerkin approach to DIC that was shown to
be more performing in two dimensions when compared to
traditional DIC algorithms.”" It has been recently extended
to 3D displacements."”



The paper is organized as follows. First, the experimental
procedure is discussed. From computed tomographic images,
and by using DVC, 3D displacement fields are obtained and
subsequently analyzed. In particular, CODs are determined to
study crack characteristics under load at different stages of
crack propagation. SIFs are also evaluated thanks to a
post-processing of the displacement measurements. Crack
propagation features are discussed by using all the previous
results.

Materials and Methods

Material and Specimen Preparation

The studied material is a nodular graphite cast iron
(B.65wt% C, 32wt% Si, 0.04wt% Mg, <0.1wt% Mn,
<0.006wt% S, 0.02wt% P) for which the random dispersion
of graphite nodules provides a fine 3D random texture that is
very well suited for image correlation. Casting and appro-
priate heat treatments resulted in a ferritic matrix micro-
structure with a 14% volume fraction of graphite nodules that
are homogeneously distributed inside the matrix and are
nearly spherical in shape with an average diameter of 45 um.
Young’s modulus, yield stress and Poisson’s ratio are equal to
175GPa, 315MPa, and 0.27, respectively. Carbon (nodules)
and iron (matrix) have atomic numbers that are different
enough to give a strong X-ray attenuation contrast so that the
nodules, which act as natural markers for image correlation,
are easily imaged by tomography.

To obtain a small fatigue pre-cracked specimen, a notched
specimen with a 6 x 4mm? cross-section was machined from
the heat treated cast iron bar and loaded in fatigue at a load
ratio of 0.1. The specimen faces were mirror polished to enable
for crack growth monitoring with a traveling optical
microscope. A load-shedding technique was used to maintain
the maximum SIF less than 12.8 MPa,/m in order to make sure
that the plastic zone size (in plane strain) was less than 200 pm
at the crack tip. Fatigue cycling was stopped as soon as the
crack was about 1.5mm in length. For the tomography
experiment, two smaller dog-bone specimens with a
1.6 x 1.6mm? cross-section were spark cut inside the large
sample so that each of them encompasses only a part of the
crack front. As a result, one face of the small specimen studied
herein contains the crack tip that was at the former surface of
the larger sample (close to a plane stress condition) while the
other face contains the crack tip that was at the center of the
larger specimen (close to plane strain condition). Due to
tunneling effect, the crack front in the studied sample is
asymmetric, i.e. it is shorter on the former free surface and
longer at the former center. For the sake of simplicity, the side
corresponding to the former free surface (respectively former
center) is referred to as short crack side (respectively long
crack side) hereafter.

In situ Testing Procedure
The tomography experiment was performed on ID19
beamline at the European Synchrotron Radiation Facility
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Fig. 1. Experimental setup used to perform in situ fatigue tests on beamline ID19 of
ESRF. From the 600 radiographs, a reconstricted volume is obtained by using a filtered
back-projection algorithm.

(ESRF) in Grenoble, France. A monochromatic X-ray beam
(AN/\=10") having a photon energy of 60keV traverses the
sample (Fig. 1) giving a transmitted-to-incident intensity ratio
of about 10%. To obtain a complete scan of the specimen
cross-section in the vicinity of the crack, 600 radiographs were
taken while the sample was rotating over 180° along its
vertical axis; the total scan time was equal to 42 min. A Fast
Readout Low Noise (FReLoN) 14-bit CCD camera with a
2048 x 2048 pixel chip was used. A specially designed fatigue
machine'”! allows for in situ loading and high frequency
cycling, i.e. up to 50 Hz, of the specimen. A PMMA tube, almost
transparent to X-rays, is used as a load rig. The machine is
directly mounted on the rotating stage of the beam line.

The tomography experiment was performed to obtain 3D
pictures of the specimen during the initial loading cycle, and
thereafter for different stages of cyclic loading. Therefore, the
specimen was first gradually loaded up to a maximum level of
140N, which is expected to result in a maximum SIF slightly
less than the maximum value (12.8MPa,/m) used in the
fatigue pre-cracking test, and scans were acquired for
intermediate loads of 50 and 100N and for the maximum
load step of 140 N. Then, the specimen was cycled at a load
ratio of 0.1 under constant amplitude to propagate the crack
and another scan was recorded after 30000 fatigue cycles.
Failure of the specimen occurred after 50 000 cycles.

Reconstruction of the tomographic data was performed
with a conventional filtered back-projection algorithm."*?! It
provides a 3D image with a grayscale colormap that is
proportional to the local X-ray attenuation coefficient. The
voxel size was chosen equal to 5.06 um although better
resolutions are achievable to visualize fatigue cracks with
synchrotron microtomography.””'!! This medium resolution
is a good compromise between the quality of the image texture
and the size of the reconstructed 3D images obtained from
tomography. The chosen voxel size is much smaller than the
relevant microstructure size, which is the size of the nodules,
to allow for good quality images to be obtained while it is also
large enough for the size of the region of interest (ROI), which
was focused on the crack, to be only 340 x 330 x 512 voxels.
This limited data size enabled for the correlation computation




to be performed in real time during the tomography
experiment (i.e., the computation time is less than the scan
time on a PC with quad-core processor).

3D Displacement Measurement

3D displacements of any voxel of the 3D volume are
assessed by using a volume correlation technique. The
principle of volume correlation (or 3D-DVC) is to analyze
two images of a solid under different loading conditions, and
to determine the displacement field by searching for the best
match between the images. Recently, a new formulation has
been proposed that allows one to decompose the displacement
field on an arbitrary chosen basis. One such basis can be finite
element shape functions in two'?”’ or three dimensions.""” The
latter will be used herein. In the present case, 3D reconstructed
volumes are considered, and 8-node elements defined on a 3D
grid (tri-linear functions of x, y, and z **!) may be chosen (it is
designated as C8-DVC'™!).

A reference and loaded 3D images, f(x,y,z) and g(x,y,z), are
assumed to be related through

8(x) =f(x+u(x))

where u is the searched displacement field. The latter is
decomposed over a basis of functions

u(x) = Xa, N,(x)

which is chosen in the sequel to be C8 finite element shape
functions (eight node trilinear functions of x, y, and z over
regular cubes)'® and hence the method is designated as
C8-DVC.""! The unknown amplitudes are obtained through
the minimization of

T({a}) = |lg(x)=f (x + @, Na(x)) |

A multiscale approach for this minimization is used to
avoid secondary minima trapping, the details of which can be
found in ref."™®. Uncertainties in the displacement field
determination can be estimated a priori, from a fake deformed
image, g, which corresponds to a rigid translation of 1/, pixel
in each space direction computed from f. Finally, once the
minimization has been performed, the residual g(x) — f(x +a,,
N,, (x)) shows the quality of the image registration.

SIF Extraction

From the measured displacement field, it is proposed to
extract SIFs. First, least squares techniques are implemented
by using 2D solutions.”**”! An alternative technique to
determine SIFs is to evaluate directly the J-integral along a
given contour.”® However, only few measurement data are
used and strains and stresses are to be computed. To avoid this
drawback, interaction integrals'*”! are used for extracting SIFs
from a discrete displacement field.”*!! This last technique
can be extended to the analysis of 3D cracks.”? It will not be
used in the following. Instead, the technique proposed by
Hamam et al.”® will be used.

It is assumed that each of the node layers orthogonal to the
mean direction of the crack front can be treated separately. For

each of these planes (nearly orthogonal to the crack front), the
3D displacement field is projected in a least squares sense onto
a basis that includes 2D solutions for a cracked solid (mode I
and mode II) as well as mode III asymptotic solutions.
Following Williams," a closed-form solution for the in-plane
displacements p is derived from Kolossov—Muskhelishvili’s
potentials'™*

o(r,0) = >[04, (r,0) + v, X,,(r,0)] )

n

where w,, and v,, are real numbers, 1 the number of terms of
Williams’ series, and so-called mode 1
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reference fields, r and 6 denote the in-plane coordinates
associated with the usual crack tip frame, ¢ Lamé’s shear
modulus, and « dimensionless elastic (or Kolossov) coefficient
related to Poisson’s ratio v according to (3 —v)/(1+v) for
plane stress conditions or 3 —4v for plane strain conditions
(used in the sequel). The factor v/2r is introduced to match the
usual definitions of the SIFs K;and Ky, which are thus equal
respectively to the amplitudes w; and v; associated with the
fields £2; and Y.

Let us first note that the status of the fields £2,, and Y, is
very different for n less than or greater than 1. For n>1, the
fields are called here subsingular. They have no impact on the
crack tip. Conversely, the attached stress fields increase with
the distance to the crack tip. Such functions are thus useful to
match the singular fields with the remote geometry, or
boundary conditions. However, since their impact on the
crack tip process zone is negligible, one does not insist here on
the structure of these fields. For nn < 0, the fields are referred to
as supersingular. Traditionally, the supersingular fields are
ignored because their asymptotic behavior near the crack tip is
non-physical (i.e., diverging energy density). However, for the
present purpose, since the crack tip process zone is cut out
from the domain of analysis, one does not have to reject these
solutions.?"!

Out of plane motions w induced by mode III displacements
whose canonical field E reads

3)

2 ap. (0
__,u,\/Z_nr sm(z) 4@

allow one to determine Ky.
Then, using least squares techniques, the measured
displacement in each plane orthogonal to the crack front is

I



projected onto the considered basis function. In practice,
in-plane solutions are considered for n ranging between -3
and 5. As mentioned above, negative 1 values correspond to
supersingular solutions whose coefficients are related to a
shift of the crack tip position in the plane with respect to the tip
of the equivalent “elastic crack”” for n=-1. By canceling out
its contribution, the equivalent crack tip position is esti-
mated.”® A length scale proportional to the process zone
size®® is obtained when w5 is related to w; = K;. As all odd n
<0 functions lead to singular displacements at the crack tip,
the displacement data at nodes whose distance to the crack tip
(or respectively to the crack mouth) is less than 20, (resp. 10),
voxels are not considered in the analysis.

Results

Uncertainty Analysis

A ROI of 288 x 288 x 288 voxels centered on the assumed
crack plane is considered (Figure 1). To evaluate measurement
uncertainties, an a priori analysis is performed. Sub-voxel
displacements are artificially applied to the reference picture
and correlation computations are run for a sub-voxel
increment of 0.1 when the prescribed displacement ranges
between 0 and 1 voxels. In the present case, the mean error
between the prescribed and measured displacements is an
order of magnitude less than the corresponding standard
deviation. Only the latter is discussed herein. Figure 2(a)
shows the dependence of the standard displacement uncer-
tainty with the prescribed displacement value. For any
element size, the maximum uncertainty is obtained for 1,
voxel for which the interpolation biases are the highest. A
symmetric response is observed with respect to that value,
except for 8-voxel elements. For the latter, it is believed that
the texture is too coarse in comparison with the element size to
achieve good metrological result. Figure 2(b) shows the
standard uncertainty as a function of the element size when
the prescribed displacement is equal to 0.5 voxel. 16-voxel
elements are chosen and lead to a measurement uncertainty of
the order of 0.04 voxel. This value therefore
corresponds to the resolution of the techni-
que in the present case, and to a good
compromise between measurement uncer-
tainty and spatial resolution described by the
power law interpolation (solid line) shown in
Figure 2(b).

Figure 3 shows the displacement field
obtained from DVC for the maximum load
level of the first cycle. A clear discontinuity is
observed for the displacement along the
loading direction. In the other two directions,
the discontinuities are less pronounced. The
correlation residuals are low except in two
regions [Fig. 3(b)]. First, around the rotation
axis of the tomograph higher values are
observed. This is due to reconstruction
artifacts associated with the filtered back-
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Fig. 2. Displacement uncertainty expressed in voxels as a function of the prescribed

displacement for different element sizes (a). Maximum displacement uncertainty vs.
element size (b). The solid line corresponds to a power law fit.

projection algorithm.??! Second, along the crack surface, the
continuous kinematic basis is not adapted to fully capture
discontinuous displacements induced by crack openings. This
will allow the location of the crack surface to be deduced from

loading
z

y

Fig. 3. (a) 3D displacement maps for maximum load level of the first cycle as obtained from the DVC analysis.
The displacement levels are expressed in voxels (1 voxel <= 5.1 um). (b) Thresholded correlation residuals
showing reconstruction artifacts near the rotation axis and the crack surface.



Fig.4. COD maps (in voxels) at 50 N (a), 100 N (b), 140 N (c) for the first loading cycle,
and at 130N after 30000 cycles (d). The crack tip positions (dotted white line)
correspond to the maximum load levels of the two analyzed cycles.

the plane where the correlation residuals are maximum. From
these raw results, two quantities are now extracted. First,
CODs, and second, SIFs.

Crack Opening Displacement Analysis

The discontinuity due to the presence of a crack enables for
the analysis of CODs. Away from the crack, the displacement
field along the loading axis u. [Fig. 3(a)] is smooth and
continuous. Thus, the displacement jump on the crack surface,
or COD, is estimated from the difference between two slices
taken parallel to the crack plane on either side of the crack
discontinuity in the u, field. The resulting COD map is plotted
in the specimen cross-section in Figure 4; the colormap used is
proportional to the value of openings in voxels. Figure 4
shows that the crack opens more toward the short crack side
while it remains closed at the tip toward the long crack side,
i.e. the COD hardly reaches a 0.12 voxel value (or about
0.6 pm) even after 30000 cycles and under maximum load
[Fig. 4(d)]. From the a priori uncertainty analysis, it can be
concluded that a 0.12-voxel COD is above the measurement
uncertainty and can be considered as trustworthy. At 50 N, the
crack is locally closed even toward the short crack side. It is
only very close to the surface that Figure 4 shows COD values
well above the uncertainty value. This tends to prove that
opening occurs locally for a load value between 12 and 50 N. At
100N, the crack is fully open on the short crack side of the
specimen, i.e. from the surface to half the thickness of the
sample, while the long crack side remains closed. The increase
of the load up to 140 N further increases the COD values but
the load is still not high enough to open the crack on the long
crack side.

Crack Propagation Analysis
Information about the crack morphology is obtained both
from the residual error map and from direct analysis of

tomographic images. The residual error map shown in
Figure 3(b) was proven superior to determine the 3D crack
shape when the crack is open.”® In nodular graphite cast iron,
similarity of gray level between the crack surface and the
graphite nodules makes the visualization of the crack front via
image thresholding alone particularly difficult. However, when
the crack tip does not open under load, the crack is not visible on
the residual error map although residual opening inherited
from pre-cracking makes the crack tip visible in the tomographic
image. Thus, direct image analysis using Image] software®”!
allows for the estimation of the crack tip position without any
preliminary processing of the tomographic images.

The crack is observed on reconstructed images correspond-
ing to y—z planes (Fig. 3) and an Image]J plug-in enables one to
retrieve the coordinates of the voxel that is manually selected
as the crack tip for each slice through the sample thickness.
This allows one to detect variations of the crack front position
with increasing load or number of cycles (Fig. 5) provided the
crack is sufficiently open. The crack lengths measured at the
specimen surface with an optical microscope, at a better
resolution than the tomographic images, are also plotted in
Figure 5 for comparison purposes. On the short crack side, the
crack length is apparently shorter at 12N than at 50N and
above. This result should be considered with caution since the
uncertainty in crack position is also greater at low load levels
when the COD is small compared to the image resolution.
However, the COD maps shown in Figure 4 also suggest that
opening has occurred below 50N on the short crack side,
which tends to confirm that the apparent crack advance
observed in Figure 5 is actually related to crack opening. After
30000 cycles, the crack has visibly grown on the short
crack side corresponding to higher values of COD [Fig. 4(b)]
whereas it has apparently not grown on the long crack
side where the COD maps show that the crack is still
closed.

SIF Analysis
The evaluation of SIFs relies on the estimation of the
position of the crack front in each analyzed plane. The in-plane
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Fig. 5. Crack tip positions retrieved by manual tracking. Comparison with detections
with an optical microscope (open circles shown on the sample sides).
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Fig. 6. SIF profiles for the two analyzed cycles.

displacement field is first interpolated by using a truncated
expansion (1) with -3 <n <5. The position such that the
contribution of the first supersingular field w_; cancels out
gives the sought location.”! At this location, the SIFs are
computed.

For the first cycle, the mode I SIF, Kj, is equal to about
10 MPa,/m on the short crack side and 7 MPa,/m on the other
side (Fig. 6) for the maximum load level. After 30000 fatigue
cycles, K; has remained almost the same on the long crack side
whereas it has noticeably increased on the other side. The
profile of Kj; shows slight fluctuations around 0 through the
sample thickness, which might be attributed to both image
noise and computation uncertainty. Ky has a constant value of
2MPa,/m at the end of the first loading cycle, and it decreases
to 0 after further cycling.

Discussion

To the best of the authors” knowledge, this is the first time
that SIF values have been obtained within an opaque material
using 3D-DVC. Compared with the discrete particle tracking
measurements performed by Toda et al!", the DVC
calculations presented herein have been used to produce
COD maps and to correlate them with 3D tomographic
observations of crack growth during in situ cycling. It appears
very clearly (see Fig. 4 and 5) that crack growth occurs first in
the zone of the crack front where the crack appears open on
the COD maps (a value of 0.12 voxel for the u, displacement is
assumed to correspond to an opening of the crack). Those
maps have been “translated” into K values, which allows for a
more quantitative analysis of crack growth to be performed.
Although Kj; values are equal to zero along the crack front,
positive values of Kj; are obtained. They can possibly be
ascribed to the crack shape and/or misalignment of the crack
faces after fatigue pre-cracking of the large sample due to the
change of testing conditions; very similar values for Kj, Ky, Kiyy
have been obtained by Toda et al."! who used a similar
experimental procedure to prepare and load their sample.

25
[ 130N-30keycles K1
20 | K2
~ I -+ K3
=E15 4
]
o
S0 TN
~
w5 L Kop range
z 2k
0
_5 i i 1 i 1 1 1 n L 1
0 500 1000 1500
Sample thickness (um)

After subsequent cycling however, mode II and III SIFs are
vanishingly small and mode I is therefore predominant, as
expected from the prescribed ‘“‘macroscopic’” mechanical
testing conditions. However, it can be seen from Figure 6
that K increases when going from the long crack side toward
the small crack side. Possible reasons for this evolution are
discussed in the next paragraphs.

In the large sample that was pre-fatigued, the crack is
longer in the center of the specimen than at the surface. This
so-called tunneled crack shape'®®*! is the result of a balance
between two conflicting effects. On the sample surface, the
lack of constraint induces a larger crack tip plastic zone. The
level of closure induced by this plastic zone (plasticity induced
crack closure or PICC) is therefore higher close to the surface
than at the center of the sample. For this reason, the effective
SIF variation AK.tr = AKjpax—Kop (Where Ky, denotes the SIF at
which the crack opens) is smaller close to the surface than in
the bulk resulting in a slower growth of the crack close to the
surface (tunneled shape). This effect can however be partially
compensated by the fact that a locally lagging crack front
induces a higher value of the SIF (3D effect).”*”! During cycling,
equilibrium is reached between the two effects and the crack
propagates with a stable shape.”!

In the small fatigue sample studied herein, however, the
COD maps reveal that, for a given load level, crack opening is
larger on the short crack side. This seems to indicate that the
effect of the plastic zone size inherited from the large specimen
has been cancelled out probably because the machining of the
sample has induced some loss of constraint at the tip of the
crack; the size of the remaining uncracked ligament is about
0.7mm in the small sample while it was 3.6 mm in the large
sample. Yet, because of the aforementioned 3D effect, higher
SIF values are observed on the short crack side.

For the maximum load, K; values obtained by DVC range
from 10 MPa,/m on the short crack side to 7MPa,/m on the
long crack side, a value which is of the order of Ky, for this
material.“'** The crack driving force AK. is therefore small
on the short crack side, and equal to zero on the long crack



side. This result is in agreement with those of Figure 5 that
show a limited and asymmetric growth of the crack after
30000 cycles. However, the small amount of growth obtained
suffices to increase significantly the values of Ky above K, to
induce further growth and to lead to fracture after 20000
additional cycles.

Conclusions

It was shown that X-ray computed micro-tomographic
images acquired during in situ fatigue testing can be used to
analyze the features of fatigue crack position and morphology
and furthermore to measure SIFs all along the crack front, even
for CODs as low as 1 pm.

This progress offers a comprehensive view of fatigue
cracks in their full 3D expression, and reveals specifically 3D
effects in fatigue crack propagation such as the influence of
confined plasticity at the crack tip and the free edge effect
where the crack front impinges. Further developments based
on such an approach are expected to lead to effective crack
propagation laws and their identification from experimental
test with a full account of their complexity.

The same experiments have been performed with smaller
increments of cycles to allow for tomographic scans to be
acquired at numerous fractions of the total fatigue life. DVC
calculations are used at different crack growth stages to study
the variation of COD/SIF at the crack tip with propagation.
Those experiments are currently being analyzed. Last, it is
worth emphasizing that the same methodology can be applied
on lab scale tomographs. Although additional imperfections
of the imaging device are expected as compared to
synchrotron light sources (e.g., lack of monochromaticity of
the X-ray source, fictitious displacement due to temperature
induced sample/source distance variations) which require a
careful handling, a quantitative and trustworthy analysis of
3D cracks may still be performed.
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