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a b s t r a c t

Understanding crack propagation and initiation is fundamental if stress corrosion cracking (SCC) mech-
anisms are to be understood. However, cracking is a three-dimensional (3D) phenomenon and most char-
acterization techniques are restricted to two-dimensional (2D) observations. In order to overcome this
problem, different approaches to extract 3D information have been used in the recent years. In this work
we will present the benefits of using 3D focused ion beam (FIB) slicing and electron tomography. 3D FIB
slicing offers a fast and high throughput characterization while electron tomography offers the best spa-
tial resolution. To illustrate the power of these techniques, different parts of dominant stress corrosion
cracks in Ni-alloys and stainless steels have been reconstructed in 3D. All relevant microstructural fea-
tures can now be studied in detail and its relative orientation respect to the strain direction and grain
boundary plane accurately measured.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Low potential stress corrosion cracking (LPSCC) of Ni-alloys and
stainless steels is a very important degradation phenomenon in
pressurized water reactors (PWRs). Although SCC of austenitic
steels has not been reported yet in operating PWR plants (except
from irradiated materials), careful autoclave testing in under con-
trolled environments have confirmed that highly cold worked
stainless steels are susceptible to SCC even in PWR primary water
conditions [1]. Ni-alloys, on the other hand, are well known for suf-
fering from SCC under PWR conditions [2].

Conventional characterization techniques used to study crack
initiation and propagation have been typically restricted to two-
dimensional observations, providing incomplete information on
the cracking phenomena. In order to overcome this problem, dif-
ferent approaches to extract 3D information have been used.
Amongst these are 3D focused ion beam (FIB) slicing [3], acoustic
microscopy and X-ray tomography [4–7]. In this work, 3D FIB slic-
ing has been applied to the characterization of several stress corro-
sion cracks from different PWRs materials, offering a good
compromise between spatial resolution and amount of volume
examined. The technique has proven very useful to reveal the
interaction between the crack and the different microstructural de-
fects. It has also been used to reconstruct the volume occupied by
the oxide filling the open crack. However, this method still has lim-
ited resolution and does not provide detailed information from the
crack tip region nor its chemistry.
ll rights reserved.
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Electron tomography offers better spatial resolution but can
only provide information from much smaller volumes. However,
it can also provide accurate crystallographic and chemical informa-
tion. Both in TEM and STEM mode, it has been extensively applied
to the characterization of complex systems which include studies
of nanocomposites of FeAl + Y2O3, carbon nanotubes, Si particles
embedded in SiOx, Pt catalysts nanoparticles, scanning tunnelling
microscopy probes, polyhedral particles of CeO2, polymers, disloca-
tions and magnetic rings [8–15], amongst others. In this paper, we
use electron tomography to characterize crack tips in cold worked
steels with complex microstructure.

2. Materials and methods

The materials employed in this study were Japanese grade 304
stainless steel (SUS304). Its composition was, in weight%, 0.04 C,
0.31 Si, 1.59 Mn, 0.031 P, 0.001 S, 0.24 Cu, 9.21 Ni, 0.34 Mo,
18.34 Cr and balance of Fe. The alloy was solution treated at
1060 �C for 100 min and then water-quenched. The specimens
were unidirectionally cold-rolled to a reduction of 5%, 10% and
20% in thickness (5%, 10% and 20% cold work or CW). SCC tests
were performed under constant load (30 MPa m1/2) in a simulated
PWR primary water chemistry (500 ppm B + 2 ppm Li, + 30 cc-STP/
kg-H2O DH2) at 320 �C.

FIB 3D slicing was performed in a Zeiss NVision 40 dual-beam
FIB operated at 30 keV for Ga+ ions and 2 keV for electrons. Opti-
mum imaging conditions were selected before starting the auto-
mated slicing sequence and a secondary electron (SE) detector
used. Image distortions due to sample tilt were corrected during
the acquisition by the microscope software. Trenches were milled

http://dx.doi.org/10.1016/j.jnucmat.2010.11.068
mailto:sergio.lozano-perez@materials.ox.ac.uk
http://dx.doi.org/10.1016/j.jnucmat.2010.11.068
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


290 S. Lozano-Perez et al. / Journal of Nuclear Materials 408 (2011) 289–295
around volume of interest to avoid re-deposited material obstruct-
ing the area of interest. A milling current of 700 pA was found a
good compromise between milling time and surface quality.
Spacing between slices was fixed to �40 nm. Series acquisition
typically required several hours. Image cross-correlation was per-
formed using markers outside the sampled volume and the region
of interest on the cross-sectional view was extracted automati-
cally. Drift between consecutive slices (in the milling direction)
was measured to be smaller than 5 nm and has not been taken into
account in the reconstruction. The final datacube containing the 3D
information was segmented and reconstructed for 3D visualization
using Mercury Software’s Avizo.

The TEM samples used for the electron tomography experi-
ments were prepared to contain dominant cracks using the
in situ lift out technique [16] in a FEI 200 single beam FIB. As can
be seen in Fig. 1a, polishing a cross-section with a sub-micron silica
suspension revealed the location of the cracks and the region cho-
sen for the TEM sample preparation is shown boxed (Sample
SUS304 5%CW). After extracting the volume containing the crack
tip, it was welded to the tip of a dedicated Fischione tomography
Cu post (designed for its 360� on-axis rotation holder model
2050) as shown in Fig. 1b. Once secured at the tip of the Cu post,
it was thinned to electron transparency and, as shown in Fig. 1c,
the location of the crack tip was successfully preserved inside the
extracted volume. This TEM sample contained three different
grains, labelled G1, G2 and G3 and three grain boundaries, gb1,
gb2 and gb3. Tomographic tilt series up to ±80�, every 1� or 2� were
acquired using a probe-corrected FEI Titan field-emission gun
(FEG) TEM operated in STEM mode at 300 kV and a Jeol 3000F
operated at STEM mode at 297 kV. The 3D shapes were obtained
using high-angle annular dark field (HAADF) STEM tomography
[17] using a collection aperture semi-angle >70 mrad. HAADF
images from the selected crack tips are shown in Fig. 2. As can
be seen, not all the diffraction contrast has disappeared, which
was useful to observe the location and orientation of the grain
boundaries and twin deformation bands (TDBs). The oxides can
be clearly distinguished due to their lower atomic number (and
Fig. 1. FIB SE images showing: (a) cross-sectional view with SCC crack chosen for tom
specimen containing the crack tip after welding to the tomography post and (c) plan-vie
grains and grain boundaries has been indicated. Sample: SUS304 5%CW.
therefore, lower intensity in the HAADF image). Alignment and
reconstruction of the datasets was performed using the simulta-
neous iterative reconstruction technique (SIRT) algorithm [18] in
Inspect3D (FEI) software (15–20 iterations proved to be enough
to reach convergence). Visualization of the final 3D datasets was
performed by surface segmentation in Amira V2.3 (Indeed – Visual
Concepts GmbH) and Avizo 5.1 (Mercury Software) associating dif-
ferent intensities in the image to different material densities.

Chemical analysis was performed in the Jeol 3000F, operated at
297 kV and equipped with a Gatan Image Filter (GIF™) 2000. EELS
spectrum images were acquired drift corrected using a conver-
gence half-angle of 12 mrad and a collection half-angle of 9 mrad.
The dwell time per pixel was 0.2 s and drift correction was per-
formed automatically every 10 s. Spectrum images were processed
using multivariate statistical analysis as described in [19]. Typical
EELS spectra from the matrix, Cr-rich and Fe-rich spinel oxides
are shown in Fig. 3.
3. Results

3.1. FIB 3D slicing

FIB 3D slicing has been used to characterize different aspects of
crack initiation and propagation in austenitic stainless steels and
nickel alloys tested under simulated PWR primary water condi-
tions. Tensile test samples containing shallow cracks (Inconel
600) and ½ CT specimens with long deep cracks (SUS304) were
used to extract 3D information about the crack tip and oxide
morphology.

TDBs caused by cold work in 404SS are known to suffer from
preferential oxidation [20]. As the crack advances, those TDBs
intersecting the crack flanks become exposed to the environment
and oxidize. A region containing a portion of the crack and a grain
with some visible TDBs was selected for analysis. In Fig. 4a, a SEM
SE image from a cross-sectional view reveals the location of the
main crack (left, diagonal) and a secondary one (right, vertical).
ography boxed (arrow indicates strain direction during SCC test), (b) plan-view
w TEM sample welded to tomography post before final thinning. The location of all



Fig. 2. STEM ADF image showing the crack tips chosen for the tomographic
reconstruction. The high dislocation density and the location of several TDBs are
clearly visible. Grains are labelled as G1, G2 and G3. Grain boundaries are labelled
as gb1, gb2 and gb3. Double-headed arrow indicates strain direction. Samples:
SUS304 with different levels of cold work.

Fig. 3. Representative EELS spectra extracted from the matrix region, Fe-rich spinel
oxide and Cr-rich spinel oxide. Sample: SUS304 with 20%CW.
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The grain on top of the main crack has several oxidized TDBs. A vol-
ume of 20 � 6 � 5 lm was milled away after 125 slices and recon-
structed in 3D, as it shown in Fig. 4b. Oxidized regions are clearly
visible in SEM SE images as they are characterized by lower SE
count production than the matrix, therefore appearing darker in
the images. This is caused by their lower average atomic number
and density and was further confirmed by microanalysis in the
TEM.

Inconel 600 exposed to PWR primary water suffers from severe
grain boundary oxidation [21]. A shallow crack from an Inconel
600 tensile test specimen was selected for 3D reconstruction in
an attempt to observe how the presence of the crack affected the
oxidation of the adjacent grain boundaries. Several grain bound-
aries were found oxidized in the selected volume and have been in-
cluded in the 3D visualization. In Fig. 5a, one of the first slices (SEM
SE image) is shown together with the reconstructed volume. It can
be seen that the crack had not reached the first triple point when
the autoclave test concluded. The dark contrast at the grain bound-
aries ahead revealed the presence of oxide. The original sample
surface (exposed to the environment) corresponds to the top face
of the box. The crack (dark colour) and the oxidized portion of
the grain boundaries (light colour) ahead of the triple point have
been segmented (see Fig. 5b) and rendered in 3D.

3.2. Electron tomography

A dominant crack tip was extracted from several ½ CT SUS304
specimens tested under constant load in simulated PWR primary
water. Specimens had previously been cold-rolled to a reduction
in thickness of 5%, 10% and 20%. Cold worked samples exhibit a
complex microstructure with high density of TDBs and dislocations
[20]. All TEM samples examined showed a much higher density of
TDBs in one of the grains. The 20%CW sample had a TDB density of
�34/lm, while the 10%CW had �30/lm and the 5%CW �3/lm in
the analyzed grains. Apart from the abrupt drop in TDB density be-
tween the 10% and the 5%CW samples, it should also be noted that
while in the 20% and 10% samples the distribution was homoge-
neous along the grain, in the 5%CW sample it was heterogeneous,
with regions up to 1 lm along the grain boundary without any ob-
servable TDB (see Fig. 2). The 20%CW sample had a bifurcated crack
tip, with one of the cracks growing transgranularly. The intergran-
ular portion had developed an oxide on the flanks �30 nm wide
and open portions �10 nm wide. The 10%CW sample exhibited
an intergranular crack which had developed an oxide on the flanks
�5 nm wide and open portions �5 nm wide near the tip. The
5%CW sample, unlike the others, exhibited a blunted crack tip,
which did not show signs of oxidation on the flanks near the tip
and had an open portion of �200 nm.

The reconstructed volumes from the regions shown in Fig. 2 can
be seen in Fig. 6. The volume shown from the SUS304 5%CW



Fig. 4. (a) SEM SE image showing an image from a FIB 3D slicing series. Two cracks are visible, with the diagonal one showing signs of TDB oxidation on the top grain (darker
contrast) and (b) reconstructed volume showing the volume of the open crack (dark) and the oxidized TDBs (light), together with one of the original slices. Sample: SUS304
20%CW.
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dataset contains microstructural features such as grain boundary
planes (gb1, gb2 and gb3) and TDB planes, as well as the oxides
products (Fe-rich + Cr-rich spinel). The volumes from the 10% and
20%CW samples only show the two oxide phases.

As can be seen in Fig. 7, the samples used for electron tomogra-
phy can also be characterized using any of the analytical tech-
niques available in the (S)TEM. In this case, EELS spectrum
imaging (SI) was used to analyze the oxidation at the crack tip from
the boxed region shown in Fig. 6c. As previously observed [20], the
flanks of the crack have oxidized and Cr-rich spinel has been
formed. The formation of Cr-rich spinel displaces the Ni (which
does not oxidize in the hydrogenated water used for the test) along
the grain boundary, forming a Ni-rich region at the interface be-
tween the Cr-rich oxide and the metal. The open portions of the
boundary, where cracking has occurred, were found filled by Fe-
rich spinel.

Other regions of interest from the SUS304 5%CW, including the
crack flanks at �3 lm from the tip (Fig. 8) and an oxidized cell in-
side a TDB near the crack flank (Fig. 9), were also reconstructed.

We have made use of the preserved elastic contrast in the
SUS304 5%CW dataset, in order to reconstruct the location of three
grain boundary planes (gb1, gb2 and gb3) and several TDBs, as can
be seen in Figs. 6a and 9b. The relative orientation of these features
respect to the strain direction or TEM foil plane was measured and
it is listed below:

– Original ½ CT specimen orientation respect to the CW rolling
direction was T–S. This can also be taken as the orientation of
the TEM sample, as it was extracted in plan-view.

– The strain direction during the constant load test is contained in
the plane of the TEM sample and indicated by the double-
headed arrow in Fig. 2a. It was measured to be at 60 ± 1� from
the intergranular crack growth direction (gb1).

– The plane containing gb1, containing the crack tip, was mea-
sured to be at 8 ± 1� from the plane containing the TEM sample.

– The family of TDBs visible in grain 2 (G2) in Fig. 2a are all par-
allel to each other and form an angle of 71 ± 1� with the gb1
plane and an angle of 7 ± 1� with the plane of the TEM sample.

– The same family of TDB was characterized in the region on the
right of the area shown in Fig. 2a (shown in Fig. 9). In that area,
the crack advanced along a different grain boundary (gb2) con-
taining the same grain (G2). Gb2 was forming an angle of
16 ± 1� with the TEM sample plane and 25 ± 1� with the strain
direction. The TDBs formed an angle of 44 ± 1� with gb2.

– A portion of a TDB in G2 was found to be oxidized (see Fig. 9).
The oxide, identified as Cr-rich spinel, was fully enclosed in
the TDB plane but growing at an angle of 28 ± 1� respect the
TEM foil plane (see Fig. 9c).

4. Discussion

Since cracking and oxidation of stainless steels and Ni-alloys in
PWRs occur in a three-dimensional way, it seems logical to at-
tempt a 3D characterization. As described in the previous sections,
FIB 3D slicing and electron tomography have been used to recon-
struct selected regions along the crack path. Although capable of
providing more information than conventional 2D approaches,
these techniques require special visualization methods and a more
complex interpretation.

The 3D FIB slicing technique is a relatively fast way of obtaining
information on the crack tip morphology, cracking mode (inter-
granular, transgranular), location of oxide products, inclusions
and microstructural features (if channelling contrast is available).
New generation dual-beam FIBs allow for the full automation of
the process, requiring little interaction from the operator. Image
resolution is limited in the x-sectional surface by the achievable
electron probe size (typically �1 nm) and/or the number of pixels
used for the image acquisition. In the transversal (or milling) direc-
tion, spatial resolution in the reconstruction is limited by the stage
and Ga+ optics stability during the slicing sequence. Image registra-
tion and datacube generation can be done by many image process-
ing packages with sub-pixel accuracy [22]. In this work, Gatan’s
Digital Micrograph™ was used for that purpose. Segmentation of
the features of interest was performed automatically for easily dif-
ferentiated features such as oxide particles or empty cracks (where
simple thresholding of the intensity was sufficient), or manually
for more subtle features such as oxidized grain boundaries or TDBs.
In Fig. 4a, the location of the oxidized TDBs is clear on the SE image
(due to its lower signal intensity), and was used to generate the 3D
representation in Fig. 4b. Electron back scattering diffraction



Fig. 5. (a) SEM SE image from the 3D slicing series together with the reconstructed
model and (b) reconstructed model showing the open crack (dark) and the oxidized
grain boundaries (light). Sample: Alloy 600.

Fig. 6. 3D models representing the crack tip volume: (a) sample: SUS304 with
5%CW, (b) SUS304 with 10%CW and (c) SUS304 with 20%CW.
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(EBSD) and TEM analysis (not shown in this paper) revealed that
TDBs appear along {1 1 1} planes. The characterization of up to
15 TDB’s oxidized portions revealed that, on that particular grain,
they oxidized to an average depth of 1.5 ± 0.2 lm from the crack
flank and lengths beyond 5 lm along the flank, always parallel to
the same (1 1 1) plane.

The analysis of the reconstruction of the shallow crack in the
Inconel 600 sample (Fig. 5) indicates that although the crack grew
intergranularly to an average depth of 4 lm, a network of oxidized
grain boundaries extended much further to depths of more than
10 lm. Every grain boundary intersecting the surface exposed to
the environment in the reconstructed volume was found to be oxi-
dized. The extent of the oxidation was found to decrease moving
away from the open crack.

Electron tomography has been applied for the first time to the
analysis of stress corrosion crack tips, providing 3D reconstructions
of three crack tips extracted from SUS304 samples with different
levels of cold work. When trying to understand the mechanisms
governing crack propagation in cold work stainless steels, it is
important to know how the microstructure interacts with the
crack as it advances. In particular, in order to model stresses at
the tip region, the relative orientation of features like grain bound-
ary planes or TDBs respect to the strain direction are required. For
this reason, being able to identify the contrast from the microstruc-
tural defects through most of the tilt series is very important and
will be discussed next.

Many of the images in the tilt series of HAADF images show
abrupt changes in contrast at boundaries between adjacent grains
(see Fig. 2). In our experiment such variations in contrast cannot be
associated with compositional segregation but from diffraction
effects related to crystal orientation or from strain resulting from
imperfection of the crystal structures at the boundaries. HAADF
contrast usually depends on a combination of specimen thickness,
composition, specimen orientation and detector inner angle. The
presence of thermal diffuse scattering (TDS) and multiple scatter-
ing make the quantitative interpretation of the contrast difficult.
Resonant phonon modes can occur close to twin boundaries and
enhance TDS [23], and localized static strain can give rise to HAADF
contrast similar to that arising from variations in composition or
thickness [24] showed that ADF images of B-doped silicon can ex-
hibit opposite contrast to that expected as a result of scattering
from displaced atoms surrounding impurity atoms.



Fig. 7. HAADF image showing detail of dominant crack tip in the SUS304 20%CW
sample and EELS elemental maps from boxed region (also displayed in Fig. 6c).

Fig. 8. (a) HAADF image showing a portion of the open crack along grain boundary
2 and �3 lm from the tip and (b) 3D reconstruction using surface segmentation
obtained from an HAADF tomographic series of 69 images (Start tilt: �68.00�; Stop
tilt: +72.00�; Tilt step: 2.00�; Exposure time: 15 s) acquired using an inner detector
semi-angle of >70 mrad at 300 kV. The particle labelled as ‘‘debris’’ is believed to
have entered the open crack through the water. Sample: SUS304 5%CW.
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Elastic contrast can be preserved also in HAADF images as a re-
sult of channelling along planar or axial directions in crystals. Un-
less the annular HAADF detector has a large inner acceptance angle
(>40 mrad), it will collect a significant proportion of coherent
(Bragg) scattering. Even though in our experiments the inner col-
lection semi-angle was >70 mrad, diffraction contrast from defect
was observed easily. Grain boundary dislocations may exhibit
complicated contrast, going from dark at the entrance surface of
the specimen to oscillatory and finally to bright at the exit surface
[25]. Similarly, contrast at twin planes in twinned particles of fcc
crystals are frequently observed and can be understood with refer-
ence to the Ewald sphere [8].
The use of elastic contrast has enabled the accurate measure-
ments of angles between microstructural defects. This information
will become very useful when trying to understand the effect of the
different defects as stress enhancers under the applied load. Cur-
rent models have become very close to simulate the crack behav-
iour in this type of materials [26,27] and would certainly benefit
from experimental measurements in 3D. It also proved very useful
when characterizing oxidation along TDBs. It a previous work [20]
it was noted that initial oxidation only occurred along specific cells
inside the TDB, which formed after levels of cold work of 10% or
higher. As can be seen in Fig. 9, this is what seemed to have hap-
pened. An initially isolated oxide patch inside the TDB can be
understood if one assumes that it is connected to the crack flank
some distance above the TEM foil plane. Making use of the angular
measurements presented in the previous section, it can be calcu-
lated that the oxidized cell in the TBD would intersect the crack
flank at �1 lm above the TEM foil or �1.2 lm along the oxidized
cell.
5. Conclusions

A series of novel 3D characterization techniques, applied to the
characterization of SCC-related phenomena, have been described
in this work. They cover different scales, starting from 3D FIB slic-
ing where volumes as big as 20 � 20 � 20 lm can be reconstructed
with high level of detail in a matter of hours. A further step in-
volves the use of electron tomography, which can provide both
chemical and crystallographic information on samples which are
typically 15 � 10 � 0.1 lm. In order to improve our understanding
of the role of cold work in SCC, several samples were characterized
using different techniques. 3D FIB slicing has revealed how acceler-
ated oxidation takes place along TDBs which intersect the crack
flanks. Electron tomography has been used to visualize the interac-
tion of the microstructure created by the cold work with the crack



Fig. 9. (a) HAADF image showing a portion of the open crack along grain boundary
2 and �2.5 lm from the tip. Diffraction contrast from planar defects is visible and
(b) visualization of a three-dimensional reconstruction using surface segmentation
obtained from an HAADF tomographic series of 69 images (Start tilt: �74.00�; Stop
tilt: +74.00�; Tilt step: 2.00�; Exposure time: 15 s) acquired using an inner detector
semi-angle of >70 mrad at 300 kV; (c) 3D reconstruction showing the relative
orientation of the oxidized TDB in grain 2 respect to the sample surface. Sample:
SUS304 5%CW.

S. Lozano-Perez et al. / Journal of Nuclear Materials 408 (2011) 289–295 295
tip and has provided with accurate measurements that will be re-
quired for future modelling work.
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