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Abstract 

The crystallographic features of microstructurally small fatigue cracks (MSFCs) in a Ni-Co-
based superalloy were analyzed by using a Xe plasma focused ion beam scanning electron 
microscope (PFIB-SEM) system in conjunction with electron backscatter diffraction (EBSD) 
analysis. The crystallographic orientation of the three-dimensional (3D) fatigue crack growth 
path was successfully observed using a large-volume, high-resolution 3D image. The major 
parts of the crack surface were close to the {111} slip plane. Our results indicated that the Mode 
II fatigue crack growth mechanism is locally more predominant than the general blunting-
resharpening Mode I fatigue crack growth mechanism, not only in the Stage I region but also in 
the larger part of the Stage II region of MSFC growth process.  
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The fatigue fracture process of metallic materials is divided into fatigue crack initiation and 
fatigue crack growth (FCG). Forsyth termed the crack initiation process the Stage I region and 
the subsequent growth process the Stage II region [1]. It is thought that fatigue cracks nucleate 
and grow along persistent slip bands with intrusion-extrusion of the specimen surface, 
categorized as fatigue crack initiation mechanism in the Stage I region [2]. In contrast, the crack 
tip blunting and re-sharpening mechanism that generates fatigue striations on fracture surfaces is 
well established as the FCG mechanism in the Stage II region [3]. The early part of the Stage II 
region, which is sensitive to the microstructure, is usually called the Stage IIa region. Hence, 
microstructural features such as crystallographic facets usually appear on the fatigue fracture 
surface of this region in contrast from fatigue striations of Stage IIb region. The definition of 
“microstructurally small fatigue cracks (MSFCs)” [4] also has a similar meaning to the Stage IIa 
region. 
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Numerous crystallographic features of MSFCs have been investigated before. In the past, 
crystallographic features were observed using the etch pit technique on fracture surfaces [5]. In 
the past couple of decades, electron backscatter diffraction (EBSD) analysis has been commonly 
used to analyze the growth path of MSFCs [6,7]. This research revealed that part of the fracture 
surface corresponds to a specific slip plane. However, these methods were able to analyze only a 
very limited area. More recently, three-dimensional (3D) features of MSFCs have been 
investigated with high-energy X-ray tomographic techniques using a synchrotron [8–12]. These 
recent efforts have succeeded in visualizing the discontinuous 3D growth behavior and 
crystallographic features of MSFCs. However, possibly due to limitations on the spatial 
resolution of this technique, these 3D analyses were mainly applied to relatively large crack 
sizes and coarse grain microstructures, typically a few hundreds of micrometers in size. 
Practically, MSFCs, which tend to measure around 100-µm in the common finer grain 
microstructures are also important, because more than half of total fatigue life usually elapses 
before the crack length reaches 200 μm [13]. 

High-resolution observations are needed to accurately characterize MSFCs of the above sizes. 
To analyze MSFCs in 3D at high resolution, serial block face (SBF)-SEM analysis was applied 
[10]. However, this method cannot obtain crystallographic information. Serial sectioning using 
focused ion beam-scanning electron microscopy (FIB-SEM) with EBSD would therefore be the 
ideal method in this case. This method has widely been applied [14,15] but if a standard 
Gallium-FIB is applied, the maximum observable size is limited to around a 20-μm cube. In this 
study, we used a combination of Xe-plasma FIB (PFIB) and EBSD with a complementary metal 
oxide semiconductor (CMOS) image detector to counteract these disadvantages: the PFIB can 
process a larger area 40 times faster than Gallium-FIB, and the CMOS-based EBSD detector 
can measure 10 times faster than a charge-coupled device (CCD). This method makes it possible 
to obtain 3D microstructural and crystallographic information on a cube larger than 200 µm in 
volume with high spatial resolution. We therefore aimed to clarify the crystallographic features 
of practical MSFCs using a PFIB-SEM system. 

The material used in this study was TMW-4M3 forged Ni-Co-based superalloy [16–18] 
developed for turbine discs in aircraft or land-based gas turbine applications. The alloy has a 
face-centered cubic (FCC) structure strengthened by fine γ' precipitates [17]. It has a tensile 
strength of 1615 MPa and a yielding strength of 1165 MPa at room temperature. Fatigue tests 
were conducted under fully reversed tension-compression axial loading with a servo hydraulic 
fatigue testing machine at room temperature. Surface fatigue crack length was measured at 
intervals using the microscope system [19]. The fatigue specimen size was approximately 4.5 
mm wide and 3 mm thick with flat observation face, the same as in our previous study [7]. An 
artificial sharp notch 60-μm in length was introduced on the specimen surface by FIB. Here, it is 
worth noting that the size of FIB notch is comparable to the internal inclusion size of the alloy 
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[18]. The damage due to the FIB notch fabrication was not detected by SEM and EBSD. 
3D serial sectioning was conducted using the PFIB-SEM system. The targeted volume 

measured about 200 x 80 x 70 μm in the form of a rectangular parallelepiped. Serial sectioning 
observation was carried out under the following conditions: 1,000 images were recorded every 
100 nm slice and EBSD patterns were taken every 5 slices. For clear microstructure and crack 
contrast, scanning ion-induced secondary electron (SIM) imaging was chosen. Segmentation of 
the 3D fatigue crack volume from SIM images was conducted by using several thresholding 
methods for 2D and 3D image analysis. The crystal orientations of the crack surface were 
calculated from the local normal vector of the crack face and the Euler angle value, converted 
from the RGB values of stacked EBSD images, that is, stacked Euler angle RGB images 
generated from EBSD data. The measurement error of this analysis is caused by stacking and 
alignment accuracy between SIM and EBSD images. Hence, the image positions were manually 
adjusted according to microstructure pattern to suppress the misalignment below 2 degree. 
Local crack surface angle was calculated from the inner product of local normal vector and 
loading axis. 

Figure 1 shows the fatigue crack growth behavior and fracture surface morphology. Fatigue 
testing for 3D observation was stopped when the crack length reached 150 μm. As shown in 
Figure 1b, fatigue crack growth rate and stress intensity factor range of this testing condition 
were close to the linear region, Stage II region in other words, as described by the long-crack 
Paris law. The fatigue fracture surface of this region shows the numerous microstructural flat 
areas which are usually called “facets”. Similar microstructural features were predominant 
where the area up to 0.2 mm deep away from the specimen surface that corresponds to 15 
MPa√m of ΔK. Figure 2 gives an outline of serial-sectioning observations. Figure 2 a) shows 
the volume of interest, b) is an example of the observed SIM image showing that the crack can 
be recognized clear enough to extract it. The inserted image is an enlargement of the area one 
around the crack tip. Figures 2 c) and d) show an obtained EBSD IPF map and derived kernel-
averaging misorientation (KAM) map filtered with Kernel size of 5 x 5, respectively. Plastic 
deformation around the crack can be evaluated using the KAM map. This will be analyzed 
elsewhere. Figure 2 e) is a reconstructed MSFC morphology that adds an example image and an 
IPF map from an arbitrary cross section.     

Figure 3 shows 3D MSFC morphologies in detail. The traces of grain boundaries described in 
Figure 3 a) were determined from fatigue crack configuration and stacked EBSD images. Lots 
of microstructural facets similar to Fig. 1 c) were observed on the 3D crack face. The facet 
angle tends to change when the crack crosses the grain boundary. There was no inclusion at 
least on the crack path, because of the low amount of carbide inclusion in the alloy [17]. As 
shown in the crystallographic orientation of the crack surface of Figure 3b, most of the facets 
(blue) were close to the {111} slip plane. Some (red) were close to the {100} plane. As shown 
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in Figure 3c, the warm-colored area of this Figure, which is approximately perpendicular to the 
loading axis, tends to correspond to the red area in Figure 3b that is close to the {100} plane. On 
the other hand, the blue area in Figure 3c tends to correspond to the blue area in Figure 3b 
which is close to the {111} slip plane. Figure 4 shows stereographic projections of 
crystallographic and geometric features of MSFC surface as evaluated from the entire data set in 
Figure 3b. The data of this Figure were evaluated for all surface meshes which were adjusted in 
advance to the same size. This pole figure clearly indicates that large parts of the crack surface 
were close to the {111} slip plane. In contrast, the local crack face angle were broadly 
distributed. 

The above investigation reveals that the major MSFCs growth path of this study corresponds 
to the {111} slip plane of FCC system, even in the Stage II FCG region. The common Mode I 
fatigue crack growth mechanism is the blunting and re-sharpening mechanism with alternate-
slip deformation at the crack tip [3]. According to this mechanism, fatigue cracks propagates 
along the {001} plane with a pair of {111} slips at the crack tip [3,5]. It therefore appears that 
the crack surface along the {001} plane in Figure 3b is generated by this common Mode I FCG 
mechanism. However, the common Stage II FCG mechanism was not the primary FCG 
mechanism in this study. On the other hand, fatigue crack propagation along the slip plane with 
shear stress is generally known as the Mode II FCG mechanism in the Stage I region [2]. Stage I 
FCG mechanisms along the slip plane have therefore usually been investigated at fatigue crack 
initiation grains and a few of their neighboring grains [2,8,14]. Our experimental results indicate 
that this Mode II FCG mechanism continues for longer than previously thought. In contrast to 
our results, previously reported small fatigue cracks in FCC material, analyzed using high-
energy X-ray techniques, did not clearly propagate along slip planes [9]. This difference is 
possible because the observed crack size in previous studies was large enough to transit from 
the microstructure-sensitive Stage IIa region to the insensitive Stage IIb region. The MSFCs 
growth features explained above are schematically described in Figure 5. 

These results might affect fatigue life estimation strategies of this material. For instance, the 
shear mode FCG model based on dislocation theory [20], which is widely used to estimate the 
Stage I FCG region [21,22], may also be useful for estimating the fatigue life of the Stage IIa 
FCG region. Shibanuma et al. have recently developed a fatigue life calculation method that 
uses the above FCG model [22]. They reported that their proposed method is able to estimate 
entire fatigue life. This is possibly because a larger part of the Stage II FCG region than 
previously expected is microscopically propagated according to the shear mode FCG 
mechanism. 

In summary, it appears that the Mode II fatigue crack growth mechanism locally 
predominates over the blunting-resharpening Mode I fatigue crack growth mechanism, not only 
in the Stage I region but also in large part of the Stage IIa region of the MSFC growth process. 
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However, there are a lot of uncertain factors which possibly change the MSFC growth behavior 
such as loading condition, crack size, material and so on. For example, Ravi et al. demonstrated 
that inhomogeneous microstructural stress state ahead of the crack tip associated with the 
modality of crack growth and local crack closure by in-situ high-energy X-ray diffraction 
analysis [12]. Therefore, continuous investigation is necessary to confirm the applicability of 
above results. 
 
 
 

 
Figure 1 Small fatigue crack growth behavior and fracture surface morphology of broken 
specimen. 
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Figure 2 Method of the PFIB-SEM serial-sectioning observation; a) dimension of picked-up 
sample, b) An example of an observed SIM image, c) IPF map, d) KAM map and e) 
reconstructed 3D MSFC morphology. 
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Figure 3 MSFC morphologies represented as a) intersected grain boundaries, b) crystal 
orientation of the crack surface and c) local crack face angle from the loading axis 
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Figure 4 Stereographic projection of a) pole figure and b) local normal vector for entire crack 
surface 
 
 

 

Figure 5 Schematic of MSFC growth path 
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