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Highlights: 

• A small fatigue crack (SFC) was characterized via in-situ high-energy X-ray techniques 

• Crack closure of a naturally occurring SFC was monitored  

• The tortuous 3D crack opening behavior was spatially heterogeneous 

• Modality of crack growth was determined based on stress-state of grains at the crack-tip 

• Grains aligned with mode I loading opened earlier during the loading cycle 

Abstract: 

This study provides direct observation of the crack closure mechanism of a naturally occurring, tortuous 

3D microstructurally small fatigue crack (SFC) in additively manufactured Inconel 718. In-situ non-

destructive characterization is performed using high-energy X-ray diffraction techniques to capture the 

evolution of the 3D microstructure and micromechanical response in the vicinity of the crack front. Based 

on the stress state of twelve grains analyzed at the crack tip, the crack closure events of the SFC front was 

found to be spatially heterogeneous with respect to loading progression governed by the local stress state 

of the grains (specifically the stress reversal from compression to tension).  From this analysis, three grains 

that displayed different degrees of crack closure were further investigated, based on the orientation of the 

crack relative to the grains and the associated modality of crack growth.  The stress normal to the crack 

plane and the associated degree of Mode I crack behavior were correlated with events of the crack opening 

earlier during the loading cycle.  This was further corroborated by diffraction spot spreading analysis that 

quantified the crystallographic lattice distortion caused by the opening crack. The detailed characterization 

of the opening behavior of the grains located at the crack tip and their associated states of stress elucidates 

the mechanism governing crack closure and will inform future modeling efforts of this phenomenon.  

Keywords: Mixed mode crack growth; micro computed tomography; High Energy X-ray Diffraction 
Microscopy (HEDM); Selective Laser Melting (SLM) 
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1. Introduction 
 Fatigue crack propagation has been an important topic of research to support damage tolerant 

analysis [1–3]. With the objective to achieve better performance and be more economically viable, 

there is interest in reducing conservativism in structural designs, which necessitates physics-based 

lifing models to produce more accurate fatigue life assessments of components. In the context of the 

high cycle fatigue applications, a major portion of the crack life is spent in the small crack regime, in 

which the crack size is on the same order of magnitude as the material’s microstructural features.  

Hence, experimental analyses that study the microstructure’s role in small fatigue crack growth 

(SFCG), especially in the bulk of materials, are critical to advancing fatigue life prediction tools.  
 While Paris law regimes capture long cracks [4], SFCG is not as well understood due to its strong 

3D character, interactions with the local microstructure [5–7], and breakdown of the applicability of 

linear elastic fracture mechanics (LEFM). Microstructurally small fatigue cracks have higher variability 

in their growth rates as compared to long cracks, and their propagation cannot be accurately predicted 

by conventional models [8,9]. Furthermore, the crack tip neighborhood keeps evolving due to the 

intrinsic cyclic nature of fatigue. Small fatigue cracks (SFCs) are tortuous in nature, as they are heavily 

influenced by the crystallography and associated slip system geometry of the underpinning grains [10]. 

Additionally, the crack-tip is highly sensitive to the difference in the stress state varying from grain to 

grain and further adds variability to the behavior of SFCG [11]. As a consequence, there is substantial 

interest to study the interaction of 3D SFCs relative to the microstructure in bulk material, for instance, 

see experimental studies in Refs. [12–15].  

 Crack closure is an important phenomenon, which influences fatigue crack growth in metallic 

alloys, as engineers have been evaluating the reliability of crack closure predictions, in order to adopt 

into lifing assessments.  Crack closure refers to the delayed opening of a fatigue crack, upon cyclic 

loading, therefore effecting the stress range experienced by the crack and subsequent assessments of 

the growth rate [16].  The mechanisms of crack closure include surface roughness, plasticity induced, 

and environmental effects (including oxidation at the crack tip).  Plasticity induced crack closure is one 

of the primary mechanisms responsible for crack closure, due to the compressive plastic zone forming 

during cyclic loading ahead of the crack tip at the continuum level [16]. As shown in Fig. 1, during the 

cyclic loading cycle, the crack-tip is driven into a compressive loading state (point B in Fig. 1(b)), upon 

unloading of the specimen, causing the crack to close prematurely and subsequently delay its opening 

upon the next loading cycle.  Hence, when the long fatigue crack is open for only part of the loading, 

crack growth is retarded due to the existing plastic zone at the crack-tip, consequentially slowing down 

the crack growth rate [16,17].  Thus, not accounting for this phenomenon could potentially lead to an 
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overly conservative prediction of the fatigue life of the material. While for completeness, it should be 

mentioned that Tong et al. [18] indicated that crack closure does not have a significant impact on the 

global strains and J-integral ahead of the crack tip, thus calling for further study of this phenomenon.   

 While numerous studies exist that have investigated crack closure in long cracks [19–23], 

experimental work investigating crack closure of microstructurally SFCs is scarce due to the inherent 

complexity involved with the experimental technique at this length scale. Revisiting Fig. 1 for a SFC, 

a continuum description of the plastic zone ahead of the crack tip breaks down, and a grain by grain 

analysis is necessary.  At the maximum applied load (σ୫ୟ୶ at point A), when the crack is fully open, 

the grains ahead of the crack tip go into tension (Fig. 1(c)). Here σ୷୧  is the yield stress for grain 𝑖. At σ୫୧୬ at point B in Fig 1(d), reverse plasticity of the grains can occur, forming a cyclic plastic zone 

ahead of the crack tip. The red line here shows how the stress varies ahead of the crack tip as a function 

of distance. While extensive studies of plasticity induced crack closure and the associated plasticity at 

the crack tip for long cracks have been carried out, this behavior has not been experimentally analyzed 

at the grain-level for SFCs.  Since SFCG is heavily microstructure dependent, this work studies the 

effect of closure on SFCG by investigating the stress-state ahead of the entire 3D crack front. 
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Figure 1: A schematic of the plasticity induced crack closure mechanism.  (a) The applied stress 
(σୟ୮୮୪୧ୣୢ) vs time (t) history of the experiment. The data points in black correspond to instances when 
ff-HEDM and μCT scans were taken, and the four data points in blue (i, ii, iii, and iv) correspond to 
an applied stress (σୟ୮୮୪୧ୣୢ) of 0 MPa, 208 MPa, 540 MPa, and 800 MPa, respectively. (b) The local 

stress-strain evolution, representing the material ahead of the crack tip, corresponding to the 
maximum applied stress (σ୫ୟ୶ at A), and the minimum applied stress (σ୫୧୬ at B). The stress field 

and the plastic zone ahead of a fatigue crack tip is shown at (c) the maximum applied stress (σ୫ୟ୶ at 
A) and (d) the minimum applied stress (σ୫୧୬ at B). Colors denote different grains. 

   

 The closure mechanism is reported to be a result of local residual strains (due to previous loading 

cycles) that are a by-product of crack propagation and which act normal to the crack plane in mode I, 

rather than shear displacements arising out of mixed-mode loading at the crack tip [24]. SFCs grow 

predominantly under the influence of a combined mode I and mode II loading mechanism [25]. 

Therefore, to investigate crack closure mechanism in SFC, it is necessary to identify the mode of 

loading at the crack front. The effect of mixed-mode mechanism as a driving force for fatigue crack 

propagation was first measured by Iida and Kobayashi in a sheet of aluminum alloy [26]. Over the 

years, researchers have numerically studied mixed-mode crack growth using Sih’s strain energy density 

criterion [27–29] and experimentally quantified mixed-mode crack propagation by using 2D 
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characterization techniques, such as digital image correlation [30–32], or 3D imaging techniques, such 

as X-ray microtomography [19,20,33–37] and digital volume correlation [38]. Since SFCs are small 

and of the order of a few grain sizes within the microstructure, and can be highly tortuous with a strong 

3D character, mere 2D characterization methods will not suffice to explain their multidimensional 

behavior. More sophisticated 3D characterization techniques are required to identify the mixed-mode 

nature of SFCs not only experimentally, but also study the influence of the complex micromechanical 

response and crack closure on their propagation behavior. 

 To address the need of SFC characterization at the relevant length-scale, a suite of 3D non-

destructive advanced characterization techniques, such as far-field high-energy X-ray diffraction 

microscopy (ff-HEDM) and synchrotron based X-ray microtomography (μCT), are used to identify the 

mechanism responsible for small crack closure at the microstructural level. This is accomplished via 

analyzing the micromechanical evolution in the neighborhood of the SFC and diffraction spot-

spreading of the grains at the crack front. Tremendous progress has been made in recent years using μCT to extract and study the crack topology and defect information in the bulk of the specimen [39]. 

FF-HEDM is a technique to non-destructively characterize the microstructure at the grain level and 

obtain the entire grain-averaged elastic strain tensor [40–43]. Thus, combining ff-HEDM with μCT can 

be used in-situ to find the stress field around a propagating crack [11,44–46]. Additionally, analyzing 

the spreading of the diffraction spots, obtained via ff-HEDM, can be used to quantify lattice distortion 

[11,47], and thus gives new insights into intragranular deformation during the crack closure of a SFC. 

In this work, we employ phase contrast μCT to analyze the crack closure of a geometrically tortuous 

SFC that naturally occurred from the corner of a specimen under cyclic loading conditions. 

Concurrently, we use ff-HEDM and spot spreading analysis to study the micromechanical response to 

the opening of the crack, and the intragranular deformation associated with it. 

 

2. Methods 
2.1. Experimental methods 

 Samples were produced from additively manufactured Inconel 718 (IN718) material.  Initially, 

blocks of the IN718 were built by selective laser melting via an EOSINT M280 system at the Center 

for Innovative Materials Processing through Direct Digital Deposition (CIMP-3D) at Penn State 

University. These blocks were stress-relief treated for 1.5 h at 1065°C in Ar, which was followed by 

cooling in Ar at a pressure of 2 bar, prior to removing the blocks from the build plate. Next, a three step 

heat-treatment was performed: (a) vacuum homogenized for 1 h at 1177°C, and then cooled in Ar (2 

bar) at a rate of 38°C/h to below 538°C, (b) solution treated for 1 h at 982°C followed by Ar gas fan 

cooling to below 149°C, and (c) aged for 8 h at 718°C, furnace cooled to 621°C and held at that 
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temperature for 18 h, and finally Ar gas cooled to below 149°C. The material was not subjected to hot 

isostatic pressing. Detailed porosity, precipitate structure, and the grain characterization performed on 

samples belonging to the same batch of material can be found in [48,49]. Via electron backscatter 

diffraction characterization of this material, the average grain size in the material was 48 µm including 

twins as distinct grains and 80 µm when twins were consolidated with their parent grains [49]. The 

results demonstrated random texture and equiaxed grains after heat treatment [49].  Samples were 

extracted via electrodischarge machining (EDM) from the blocks, such that the loading axis 

(longitudinal axis) of the sample was aligned with the build direction.  The outer surfaces and corners 

of the samples were polished to further reduce the surface roughness, remove the EDM white layer, 

and reduce stress concentration at the corners. Given the post-processing treatment performed, the 

material’s fatigue performance is similar to a wrought alloy [50], hence the following results discussed 

in this paper are not restricted to additive manufactured materials.  The final test specimen’s geometry 

displayed a height of 29 mm and a tapered hour-glass gauge section that reduced to a cross section of 

1 mm x 1 mm over a 0.3 mm height. 

 The in-situ high-energy X-ray characterization experiments were conducted at beamline 1-ID of 

the Advanced Photon Source (APS) at Argonne National Laboratory. A rotational and axial-torsional 

motion system (RAMS3) load frame [51] was used to apply the uniaxial cyclic loading. The specimen 

was cycled between σ୫ୟ୶ = 800 MPa (which is around 70% of the yield stress of this material [49]) 

and σ୫୧୬=10 MPa, with R~0.01, at a frequency  ≤ 1 Hz. This led to the formation of a naturally-

occurring microstructurally SFC (observed after 15000 cycles), at a corner of the square cross-section 

within the 180 μm tall region of interest (ROI) located in the gauge section. The progression of this 

crack was tracked via phase-contrast microtomography (𝜇CT) scans at discrete intervals (20, 15000, 

35000, 47000, 51000, 55000, 59000, 63000, and 71000 cycles). 

 At 63000 cycles, when the SFC had grown to a size of 200 – 250 μm (approximately equivalent to 

4-5x the average grain size of this material), a different loading sequence was applied to the specimen, 

in order to study the effects and mechanism of crack closure.  The modified loading progression within 

this cycle was subjected to additional interruptions and X-ray measurements.  In-situ 3D non-

destructive characterization of the ROI was done using a 71.67 keV (𝜆 = 0.01730 nm) beam. μCT and 

ff-HEDM scans were taken, while the specimen was held in displacement control, at 8 different 

instances while loading the specimen, specifically subjecting the specimen to an applied stress 

(𝜎௔௣௣௟௜௘ௗ) of 0 MPa, 98 MPa, 208 MPa, 326 MPa, 430 MPa, 539 MPa, 650 MPa, and 800 MPa. The 

scanned volume was centered about the SFC (identified via the radiographic images) to facilitate easy 

registration between the two datasets. Specific details regarding the two characterization techniques 

and their experimental setups are described in the following paragraphs. 
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 The tracking of the dominant SFC and its tortuous morphology was captured by means of μCT. The 

ROI was scanned using a 1.2 mm tall and 2 mm wide box beam that was vertically centered about the 

SFC. A high-resolution tomography detector with an effective pixel size of 1.17 𝜇𝑚 was placed ~90 

mm away from the specimen and was used to record the raw radiographs. In an effort to capture fine 

crack-tip details, radiographs were taken at an interval of 0.1°, while the specimen was rotated over a 

360° angular range about its loading axis. For the μCT scans that monitored the progression of the SFC 

from 0 – 71000 cycles, the μCT data were acquired while the specimen was subjected to the maximum 

load (𝜎௠௔௫) to more easily detect the crack size and morphology. For the μCT scans that were intended 

to capture the instance of crack closure at 63000 cycles, data was acquired at each of the 8 

aforementioned loading steps, as shown in Fig. 1(a).  

 The 3D microstructure was characterized using ff-HEDM wherein the grain centroid positions, 

grain-averaged orientations, and grain-averaged elastic strain tensors were obtained. A GE 41RT flat 

panel detector, with a size of 2048 x 2048 pixels and a pixel pitch of 200 𝜇𝑚, was placed ~880 mm 

away from the specimen to record the diffraction spots from the grains in the ROI. In order to probe 

the entire 180 𝜇𝑚 ROI at each load step, nine box scans stacked along the loading axis were acquired 

using a 20 𝜇𝑚 tall and 2 mm wide box beam. Since the ff-HEDM technique gives a grain-averaged 

value of strains and orientations, this small beam size was chosen to capture more localized 

micromechanical responses within the grains along the crack front. Scans were performed such that 

diffractograms were acquired, integrating their intensity over 0.25° angular intervals, as the specimen 

was continuously rotated 360° about its loading axis with constant speed. At this specimen to detector 

distance, 8 complete Debye-Scherrer rings (corresponding to the {111}, {020}, {220}, {131}, {222}, 

{040}, {331}, and {240} families of crystallographic planes in an FCC material) were captured on the 

GE detector. The first two diffraction rings were attenuated with lead tape, which shielded the detector 

from their high intensity diffraction spots and facilitated the more accurate measurements of the higher 

order diffraction peaks. The ff-HEDM setup was calibrated initially using Ceria (CeOଶ) powder [52] 

and Au samples. The final refinement and optimization of the detector parameters was done by using 

grains in the actual sample. These grains were chosen such that they were located vertically in the 

middle of the beam height, and roughly at the center of the horizontal cross section so that they do not 

bias the calibration results.  

 
2.2. X-Ray Reconstruction Methods 

 Phase contrast μCT was used to track the growth of the dominant crack in the bulk of the specimen. 

The radiographs acquired during the μCT scans were reconstructed using an APS MATLAB code and 

GRIDREC algorithm [53]. This experimental setup enabled a spatial resolution of the μCT 
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characterization of 2.34 𝜇𝑚. Spatial registration of the crack between different cycle counts was 

performed using MATLAB and ImageJ [54] using the crack topology (near the initiation site at the free 

surface) and prominent pores as tracking markers. Thresholding (with intensity ranges of 38500 – 

40500 counts), segmentation, and visualization of the crack was performed using Avizo v9.1.1 [55], 

such that the noise in the data was minimized, and the crack morphology was preserved. More detailed 

characterization regarding the porosity in this specimen is discussed in [46]. ModLayer [56] was used 

for validation and to visually inspect the result of the segmentation on consecutive μCT slices.  The 

dominant crack in the specimen was identified, and its growth was tracked as the specimen was loaded 

cyclically. For the sake of brevity, the top view of the progressing crack in the IN718 sample is shown 

in Fig. 2 at 35000, 47000, 63000, and 71000 cycles, in which the images of the crack at these cycles 

have been superimposed on each other to show the relative growth of the crack during the loading 

history. This crack naturally occurred at the corner of the specimen at the free surface, and grew 

inwards, towards the bulk of the specimen.  As also shown in Fig. 2, pores were present in the 

microstructure.  Initially, the crack grew at a ~45° with respect to the applied loading, corresponding 

to the angle of maximum shear stress on the sample, and grew towards a pore.  The crack then deflected 

and exhibited a very tortuous nature with topology of the crack that was heavily influenced by the local 

grains.  At several instances, crack bifurcation was observed, and in one case, a small crack branch 

grew towards a pore.  The microstructure had a more immediate influence on the SFC, with the level 

of porosity playing a minor factor. 

 

Figure 2: Top view of the reconstructed μCT images showing the crack progression during in-situ 
small fatigue crack growth.  Pores are indicated in the material via black arrows. 
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Figure 3: (a) Reconstructed μCT image stack of the ROI at 63000 cycles.  The distance between slice 
1 and 2 is ~40 μm, whereas slices 2 and 3 are separated by ~80 μm; (b) IPF grain map of the 

tessellated grains from ff-HEDM, with the spatial location of the three slices shown with red boxes; 
(c) IPF images of the grains at the crack-tip in the three slices, with the grains at the crack front 

outlined. The orientation of the highlighted grains has been marked on the IPF triangle. 
 

 To capture the crack closure events at 63000 cycles, the radiographs obtained at each load-step 

were reconstructed as mentioned above.  The tomography image stack at 𝜎௠௔௫ is shown in Fig. 3. The 

tortuosity of the crack is apparent on the XZ and YZ faces of specimen surface (Fig. 3(a)). A slice-by-

slice progression of the full 3D character of the SFC at 63000 cycles is available to download in the 

Supplemental Materials accompanying this paper. Three grains of interest were identified, each 

displaying different crack opening behaviors (as explained in detail in Section 4), for further analysis.  

Cross-sections about the X-Z plane are taken at the centroid of each of these grains, as shown in Fig. 

3(b).  The longitudinal cross-sections of the specimen showing the crack-tip and the associated grain 

structure are shown in Fig. 3(c).  Note that the crack length in these three slices vary as each slice is 

taken at a different distance from the free surface of the specimen.   
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 To investigate the local micromechanical response during progressive crack-tip opening, ff-HEDM 

scans were taken to characterize the ROI containing the SFC at different applied loads at 63000 cycles. 

Data reconstruction of each scanned box was performed using the Microstructural Imaging and 

Diffraction Analysis Software (MIDAS) [57,58]. This involved the optimization of 12 parameters per 

grain, including the grain centroid positions (3 parameters), the grain averaged orientations (3 

parameters), and grain averaged elastic strain tensors (6 parameters). The diffraction spots from the 

first four Debye-Scherrer rings ({111}, {020}, {220}, {131}) were used for the reconstruction of the 

data. A completeness value (which gives the ratio of the measured to expected diffraction spots) of 0.7 

was used during the reconstruction process.  The experimental setup yielded a spatial resolution of 

~5 𝜇𝑚 for grain centroid positions, an angular resolution of 0.1° for the grain orientations, and a 

resolution of 1e-4 for the lattice strains [57–59]. Based on the elastic modulus of this material, the 

resolution of the lattice strains leads up to ~50 MPa uncertainty in the grain-average stress calculations 

in the loading direction.  The nine ff-HEDM reconstructed boxes, each 20 μm tall, were stacked 

vertically together to create a consolidated volume representing the 180 μm ROI.  The reference lattice 

parameter was determined to be 0.360 nm (which is in agreement with a previous study using the same 

batch of material [49]).  Additionally, the agglomerate of grains were checked, by summing the stresses 

in each grain, to ensure their average is consistent with the macroscopic loading on the sample 

(including zero in the transverse directions), which offers a first order reliability assessment of 

equilibrium in the system but does not account for grain size or shape.  Approximately 860 grains were 

identified within the ROI of the specimen, which is consistent with the grain size value grains reported 

in previous characterization [49] based on the volume of the ROI. 

 A tomography mask was created after thresholding the reconstructed μCT data using the grey-scale 

intensity values using a combination of MATLAB and Avizo [55]. The goal was to remove the matrix 

and preserve the important features, such as the crack morphology, voids, and external boundary of the 

ROI. At this instance, the ff-HEDM data is represented as a point cloud about each grain’s spatial 

centroid, including information of the grain’s orientation and elastic strain tensor. Both μCT and ff-

HEDM datasets were consolidated by placing the grain centroids inside the tomography mask and 

tessellating the grains via the Laguerre method using DREAM.3D v6.4.197 [60]. The 3D grain map of 

the tessellated grains in the ROI colored according to their inverse pole figure (IPF) orientations is 

shown in Fig. 3(b). This amalgamated dataset was used to identify the 15 grains that coincided with the 

crack front at 63000 cycles using ParaView [61]. Since the SFC was very tortuous, and a crack 

branching event was observed, the slice 3 shown in Fig. 3 was also able to capture two distinct grains 

at the bifurcated crack tip. Thus, Fig. 3(c) shows four grains at the crack front, which have been outlined 

in black in their respective slices. The drawback to using a tessellation-based method for reconstructing 
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the microstructure is the uncertainty in the grain boundary spatial locations and morphologies. 

Lyckegaard et al. reported that 86.30% of the voxels were correctly labeled as grain boundaries using 

Laguerre tessellation [62].  However, the crack front for the grains of interest are sufficiently offset 

from the grain boundaries (embedded within these grains), such that the uncertainties in the grain 

boundary locations or morphologies, coupled with the high resolution of the tomography analysis, 2.34  𝜇𝑚, would not affect the scientific findings of this work.  

 An approaching crack relative to a polycrystalline microstructure causes distortions to the 

crystallographic lattice of the grains in the immediate vicinity of the crack front.  The distortion of a 

given grain can be attributed to either the grain cleaving due to the propagation of the crack through 

this grain or plasticity events within the grain.  For IN718, the grains at the crack-tip accommodates 

plasticity via dislocation nucleation and motion.  Of which, the geometrically necessary dislocations 

cause a curvature of the lattice and leads to a spread in the localized orientation within the grain [63]. 

The associated stress fields are accommodated in the spread of the interplanar spacing, which could 

lead to a lattice strain inhomogeneity. Thus, the effect of crack growth on a microstructure can be 

visibly detected and quantified via analyzing the diffraction spots originating from the grains of interest.  

Rovinelli et al. [64] and Jiménez et al. [14] have shown a strong correlation between the small crack 

growth path through a grain boundary to the direction and ease of slip transmission through the 

boundary (please see for recent review articles on slip transmission [65,66]).  As the crack front 

approaches the grain, it causes distinct diffraction spots to spread, which is recorded as a distribution 

of intensity on the far-field area detector. Measuring the full width at half-maximum (FWHM) of the 

diffraction spots along the diffractometer coordinate system (𝜂, 2𝜃), integrating over ∆𝜔 with intervals 

of 0.25°, provides information of the crystallographic response to crack progression [11].  The FWHM 

along the 𝜂 direction (i.e. the azimuthal direction of the detector) measures the intragranular 

misorientation of the spot spreading, and the FWHM 2𝜃 (i.e. the radial direction of the detector) 

measures the elastic strain heterogeneity within the grain. The damage accommodated within grains of 

interest during crack closure was quantified using a spot spreading analysis code described in Ref. [11].  

The resolution of the FWHM of the average diffraction spots in the reported ሼ111ሽ, ሼ002ሽ, ሼ220ሽ, and ሼ113ሽ rings are 0.0317°, 0.0317°, 0.0158°, and 0.0095° in the 𝜂 direction and 0.0026°, 0.0031°, 

0.0022°, and 0.0015° in the 2𝜃 direction.  

 

3. Results 
 In order to determine the precise load-step at which the crack-tip, of the naturally occurring corner 

crack opens, intensity lineout plots from the reconstructed tomography data were analyzed across the 

crack-tip location (normal to the crack plane) within the 15 grains at the crack front, as per the 
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methodology used by Yu et al. [67]. The noise level in the reconstructed images was quantified at the 

crack-tip by obtaining the intensity lineout profiles via ImageJ in the bulk material (sufficiently away 

from a free surface), which resulted in values of ~1500-2000 intensity counts. The crack-tip within a 

given grain was defined to be open, when the difference in the intensity of the pixel at the tip and the 

grey levels from its neighborhood was markedly above the noise level, and when the tip was open wider 

than the resolution of the experiment (i.e. the FWHM of the intensity lineout plot at the tip was wider 

than 2.34 μm). The load-steps at which the crack is detected open in the grains at the crack tip are 

explicitly marked by a yellow arrow in Fig. 4. These yellow arrows show the instance of local (to the 

grain) crack-tip opening, with the crack-tip in grains (representing grains intersecting both branches of 

the bifurcated crack tip in Slice 3) 209 and 71 opening at σୟ୮୮୪୧ୣୢ = 208 MPa, followed by the crack-

tip shown in grain 590 opening at σୟ୮୮୪୧ୣୢ = 540 MPa. It can be seen that the crack-tip opens at different 

instances relative to the loading cycle about the various spatial points analyzed. The crack-tip in grain 

732 is not seen to open (the tip remains within the neighborhood noise levels as determined above), 

which can potentially be explained by an additional roughness-induced crack closure mechanism [68].  

The crack surface displays excessive tortuosity within grain 732 (in Fig. 4), wherein the crack path has 

changed orientation within the grain. Each grain along the crack front was cross-sectioned about its 

approximate centroid (normal to the Y axis), and the tomography image at this cutting plane was 

analyzed as per [67] to identify the instance of crack-tip opening. For the purposes of this analysis, an 

assumption was made that the crack-tip opens at the same instance inside the analyzed grain.  

 

Figure 4: Greyscale intensity maps from the reconstructed μCT scans of the crack at various load-
steps. The grains at the crack front have been labeled. The yellow arrows indicate the load-step at 

which the crack opens. 

 



13 
 

 The consolidation of the μCT and ff-HEDM datasets identifies the spatial relation of the grains in 

the ROI with respect to the crack front, as well as their evolving micromechanical responses. The grain-

average elastic strain tensor (𝜀௜௝௘ ) is determined based on the lattice strains via ff-HEDM and reported 

in the sample frame.  Afterwards, the elastic strain tensor for each grain is rotated into the crystal frame 

based on the orientation matrix for the grain as determined by ff-HEDM.  The grain averaged stresses 

(𝜎௜௝) can be calculated via Hooke’s law: 

 σ୧୨ = C୧୨୩୪: ε୩୪ୣ   (1) 
where the values used for the single crystal elastic tensor (𝐶௜௝௞௟) were 𝐶ଵଵ= 242.4 GPa,  𝐶ଵଶ= 139.7 

GPa, and 𝐶ସସ= 104.4 GPa, obtained from ultrasonic measurements [69]. The grain average stress tensor 

(in the crystal frame) is then rotated back into the sample frame using the orientation of the grain.        

 In order to determine the underlying mechanism governing crack closure, several stress metrics 

spanning two different length scales were explored. At the macroscopic level, the effect of the applied 

far-field stress influencing the local stress of the grains surrounding the crack tip is illustrated in Fig. 

5(a), which shows the evolution of the grain averaged stresses (𝜎௓௓) in the loading direction (Z) that 

was calculated using Eq. 1. The evolution in the 𝜎௓௓ stresses in the highlighted grains at the crack-tip 

progresses from compression to tension (e.g. a stress reversal) at different instances during the loading 

profile. These instances have been indicated with a black arrow in Fig. 5(a). Specifically, for grains 71 

and 209, the stress reversal occurs at 𝜎௔௣௣௟௜௘ௗ  = 208 MPa; for grain 590, the stress reversal occurs at 𝜎௔௣௣௟௜௘ௗ  = 540 MPa; and for grain 732, the stress reversal occurs at 𝜎௔௣௣௟௜௘ௗ = 800 MPa. To investigate 

the extent to which the maximum principal stress (σଵ) contributes to the opening of the crack tip and 

further crack propagation [70], σଵ was calculated.  

 max eigen value λଵ, where หσ୧୨ − λδ୧୨ห = 0 (2) 
The evolution of the σଵ stress in the grains around the crack is shown in Fig. 5(b).  

 To determine the influence of the sub-grain stress metrics on crack closure, the evolution of stresses 

at the microscale have been investigated. At the slip system level, the resolved shear stress for all 12 

FCC slip systems were calculated, and the maximum resolved shear stress (τ୑ୖୗୗ) shown in Fig. 5(c) 

was calculated: 

 τ୑ୖୗୗ = max ቀabs൫𝑎௜𝑚௝𝜎௜௝൯ቁ  (3) 
where 𝑎௜ and 𝑚௝ are the slip plane normal and slip direction combinations of the FCC material, 

respectively, and 𝜎௜௝ is the grain averaged stress tensor in the crystal frame. The critical resolved shear 

stress, τୈୗୗ, for this material is 380 MPa [71], the color bar in Fig. 5(c) denotes a grain-average form 

of the onset of plasticity within each grain, where grains in blue (τ୑ୖୗୗ<τୈୗୗ) are elastically loaded 

and grains in red (τ୑ୖୗୗ>τୈୗୗ) exhibit plasticity. This transition in plasticity of the grains near the 
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crack tip can be observed moving from left to right in Fig. 5(c). Further, as expected, due to the 

discontinuity in the material introduced by the crack, the grains in the crack flanks are elastically loaded 

even as the applied load increases. The τ୑ୖୗୗ metric provides information regarding the most likely 

active slip system in each grain, in which the associate slip plane will be referred to as the critical slip 

plane (with unit normal direction denoted as 𝑎௜௖) and the associated slip direction will be referred as the 

critical slip direction (denoted as 𝑚௝௖). The evolution of the normal stress to this critical slip plane in 

the grain (σ୒), is shown in Fig. 5(d), and is defined as follows: 

 σ୒ = σ୨୧𝑎௝௖𝑎௜௖ (4) 
Arrows in Fig. 5(d) indicate the instance when σ୒ transitions from compression to tension in the 

highlighted grains at the crack front.  Similar to the analysis above, σ୒ becomes positive at different 

loadstep instances within the various grains analyzed at the crack front. Through the various stress 

metrics shown in Fig. 5, it can be seen that the microstructural response to loading is very 

heterogeneous, as is expected for polycrystalline materials and further exacerbated for the case of 

SFCG. 
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Figure 5: Evolution of the (a) grain averaged stress in the loading direction; (b) maximum principal 
stress; (c) maximum resolved shear stress; (d) stress normal to the slip plane, in the grains in the three 

slices with respect to applied load (as indicated in the first row). The grains at the crack front have 
been labeled in (a). The crack has been denoted using a dashed black line. In figures (a) and (d), a 

black arrow at different instances in each of these slices denotes the point at which the stresses 
transition from compression to tension. 
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4. Discussion 
 The goal of this work is to investigate the grain-level crack closure events of a naturally-occurring 

3D tortuous SFC.  Specifically, the combination of results from μCT and ff-HEDM techniques were 

used to test the hypothesis that the stress reversal in a grain, from compression to tension, is responsible 

for the local crack opening behavior at a spatial point along the crack front, based on the fracture 

mechanics premise that the local stress state drives crack growth. From the intensity lineout plots from 

the μCT characterization, the instance of crack opening for specific grains is shown by yellow arrows 

in Fig. 4.  Moreover, for the same grains from the ff-HEDM analysis, the instance of stress (𝜎௓௓) 

reversal, from compression to tension, was noted while the specimen was loaded in uniaxial tension at 

63000 cycles (Fig. 5).  A correlation is observed between the load step that the 𝜎௓௓ reversal occurred 

and an instance of crack opening in these grains from μCT.  To further investigate if this relationship 

holds, all of the grains surrounding the tortuous crack tip at 63000 cycles were analyzed.  In total, 15 

grains are present at the crack front, although for three of these grains, the exact instance of crack-tip 

opening using μCT was inconclusive due to the tomography artifacts and phase contrast tails biasing 

the location of the crack-tip.  For the remaining 12 grains, the results are shown in Fig. 6(a), for the 

instance of crack opening determined by μCT versus the instance of stress reversal determined by ff-

HEDM in each of the 12 grains at the crack front.  Hence, a positive correlation is shown between the 

grain-level stress reversal and crack-tip opening within the associated grain. This implies that at the 

grain-scale, the stress reversal within a grain may be the driving force for the crack opening at this 

spatial location. There are a few grains that are outliers in the trend between observed crack opening 

from μCT and stress reversal from ff-HEDM.  Grain 732 lies off the chart (y-axis), because stress 

reversal happens at σୟ୮୮୪୧ୣୢ = σ୫ୟ୶ = 800 MPa, but the μCT analysis did not display evidence of crack 

opening. For some grains, namely grains 590, 321, and 682, uncertainty in determining the instance of 

crack opening from the μCT analysis were found, and as a consequence, two data points were plotted 

along the y-axis. Further, no correlations between the orientations of the grains along the crack front 

(as shown via the IPF triangle in Fig. 6(b)) and the instance of the crack closure response was observed, 

which is expected as the orientation of the grain is not exclusively tied to the grain’s stress state (due 

to interaction effects of the neighboring grains).  In other words, the orientation of a grain in a 

polycrystalline aggregate, by itself, is insufficient to determine degree of plasticity, and therefore 

associated crack growth behavior or crack closure events; the adjacent, neighboring microstructure is 

critical in dictating the plastic events occurring within the grain.  This further reinforces the statement 

that the grain’s stress state and the associated stress reversal drives the crack closure response.  
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 As demonstrated by the spatially-dependent opening behavior of the crack relative to these three 

grains, the local microstructure dominates the SFCG behavior. Spatial-dependent opening refers to the 

nature of crack closure where different (spatial) locations along the crack front open at progressive 

loading instances relative to the applied loading cycle. Thus, non-uniform crack opening is exhibited 

as the crack-tip is contained in a series of grains, each with a different micromechanical response to the 

loading cycle, which can influence the SFC growth rate in the microstructure. Hence, as a consequence, 

the SFC growth rate would be heterogeneous over the microstructure, which would influence the 

quantification of the crack length and growth rate, c.f. algorithms described in Rovinelli et al. [64].  

Moreover, this heterogeneity of the SFC growth rate was directly observed in Fig. 2, as the crack growth 

is not uniform over the specimen.  This degree of spatially heterogeneous progressive opening behavior 

of the SFC would add additional uncertainty to subsequent life predictions of the SFC domain.  

 From the 15 grains at the crack front, three grains were selected (exhibiting different opening 

behaviors relative to the loading) for more detailed analysis.  These three grains - grains 209, 590, and 

732 - were previously shown in Figs. 3-5 and exhibited stress reversals at σୟ୮୮୪୧ୣୢ values of  98, 326, 

and 800 MPa, respectively.  The evolution in the grain averaged stresses in the loading direction (𝜎௓௓) 

with respect to applied macroscopic stress (𝜎௔௣௣௟௜௘ௗ) is shown in Fig. 6(c). The stars indicate the 

instance of local crack-tip opening for grains 209 and 590. In grain 209 for example, since the crack-

tip opens after load is applied (at 98 MPa), it is expected that the crack could possibly progress at a 

faster rate at this point. This behavior could be the opposite in grains in which crack-opening is delayed 

with regards to its loading progression even further (for example in grain 732), which could slow down 

the advancing crack leading to retardation in these grains. Boyd-Lee and King [15] studied SFCG in 

IN718 and found that the crack front arrests at certain fatigue resistant sections, such as grain 

boundaries, in the microstructure.  In the present work, impedance of the SFC is observed in distinct 

grains at the crack-tip and, not just at grain or twin boundaries, as has widely been reported in the 

literature.  

 Another indication of the varied microstructure response to the SFC can be seen in the non-uniform 

compressive stress distribution along the crack front for the three grains at σୟ୮୮୪୧ୣୢ = 0 MPa, in Fig. 

6(c).  Grain 209 has the lowest value of compressive residual stress at no applied load after 63000 

cycles, and the crack-tip in this grain opens immediately upon the loading cycle. However, grains 732 

and 590 have similar magnitudes of σ୞୞ at the unloaded state (after 63000 cycles), but the crack-tip in 

these grains do not open at the same time relative to the macroscopic loading profile. It is postulated 

that the crack-tip opens in each grain when the local compressive stresses transition to tensile stresses 

within the grain.  The initial compressive stress at the crack-tip (in the unloaded position) is not the sole 

contributing factor towards crack closure. The evolution of the stress state in each grain is dictated by 
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the applied loading and the local grain interactions.  It is noted that in grain 590, a sharp jump is seen 

at an applied stress of 650 MPa, which corresponds to a low reconstructed confidence index in the grain 

at this loadstep. Thus, this value should be treated as an outlier in the dataset. This single data point 

however, does not detract from the validity of the remaining dataset, in which each point has high 

confidence (>0.7). 

 In order to determine the crack driving force, the trends in the grains at the crack front, specifically 

regarding the correlation displayed between crack-tip opening and stress reversal was investigated in 

the context of the normal (𝜎ே஼௉) and shear growth (τେ୔) stresses on the cleavage plane of the crack. 

The stress acting normal to the crack plane is of particular interest here since it has been shown in 

literature that the tensile stresses acting normal to the crack contribute towards damage and crack 

closure [72,73]. The stress acting normal to the local cleavage plane of the crack front at a spatial point 

(𝜎ே஼௉) in these grains was obtained as follows: 

 σ୒େ୔ = σ୨୧n୨n୧  (5) 
where 𝑛௜ is the vector normal to the crack plane. 𝑛௜ was determined using ParaView v5.4.1 [61] by 

creating a plane that coincided with the crack plane in the grain of interest and extracting its normal 

vector.  The evolution of 𝜎ே஼௉ is explicitly plotted with respect to 𝜎௔௣௣௟௜௘ௗ in Fig. 6(d). By comparing 

Figs. 6(c) and (d), the relative trends for the evolution of 𝜎௓௓ and 𝜎ே஼௉ with respect to 𝜎௔௣௣௟௜௘ௗ are very 

similar. In order to quantify the relationship between the aforementioned stress metrics and justify the 

use of 𝜎௓௓ as the opening stress of the crack in a particular grain, 𝜎௓௓ and 𝜎ே஼௉ for the three grains of 

interest have been plotted against each other in Fig. 6(e), which demonstrates a strong positive 

correlation (especially as the stress values are positive). Hence, the mode I opening behavior of the 

crack can be assessed by the stress normal to the crack plane at a spatial point, 𝜎ே஼௉, or by the stress 

state in the grain coinciding with the macroscopic loading direction, 𝜎௓௓.  

 Furthermore, of specific interest here are the correspondence between the stress reversal in the 

grains of interest compared to the instance of crack opening as observed via μCT, which are in 

agreement, except for grain 732 (at 𝜎௔௣௣௟௜௘ௗ = 800 MPa, 𝜎௓௓ > 0 in Fig. 5(a), but crack opening was 

not observed as shown in Fig. 4).  Note for grain 732, at 𝜎௔௣௣௟௜௘ௗ = 800 MPa, 𝜎ே஼௉ < 0 as shown in 

Fig. 6(d), which provides rationale to support the observation that this grain did not open based on the μCT characterization.  This demonstrates that the true stress reversal metric is 𝜎ே஼௉ to drive the delayed, 

with respect to loading progression, instance of crack opening, albeit this quantity can be cumbersome 

to calculate for each individual section of the crack and hence 𝜎௓௓ in the grain of interest serves as a 

reasonably approximating surrogate metric. 

 The shear stress along the crack plane, in the direction of crack growth (τେ୔) is calculated as 

follows: 
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 τେ୔ = σ୨୧n୨s୧  (6) 
where 𝑛௝ is the unit normal vector to the crack plane and 𝑠௜ is the unit vector along the crack growth 

direction on the crack plane. The Appendix depicts how the vector 𝑠 was determined for a grain of 

interest.  Thus, the evolution of τେ୔ with respect to 𝜎௔௣௣௟௜௘ௗ is shown in Fig. 6(f). At the continuum 

scale, mode II crack growth is governed by shear stresses that lie along the crack plane, which cause 

the crack surfaces to slide over each other.  Hence, Fig. 6(f) serves as a grain-level investigation of the 

degree of the mode II crack growth.  As a note, mode III crack growth was not explicitly studied in this 

work. 

 From the grain level assessment, for high values of 𝜎ே஼௉ (and associated  𝜎௓௓) in each grain, mode 

I crack growth is expected to dominate the SFC propagation, whereas for high values of τେ୔ in the 

grain, the SFC is expected to be driven in mode II.  As a reminder, both metrics are grain averaged 

values, hence the value of τେ୔ is not limited to the crack plane (hence while accounting for neighboring 

grain constraints, local grain morphology influences are not captured).  To depict the relative modality 

of the SFC at the grain-level, the relationship between 𝜎௓௓ and τେ୔ is shown in Fig. 6(g), which 

demonstrates the evolution of the approximate normal stresses and shear stresses on the crack plane 

within each grain, during loading. For grain 209, an increase in applied stress leads to a drastic increase 

in 𝜎௓௓ (of about 650 MPa in tension), whereas the shear stress on the crack plane τେ୔ remains very low 

(roughly -100 MPa to 0 MPa).  Thus, it is expected that the stress normal to the crack plane dominates 

crack growth for grain 209. In the case of grain 732, the stress normal to the crack plane remains 

compressive (albeit they show an overall increasing trend), whereas the shear stresses increase (by ~120 

MPa). Hence, in grain 732, the relatively high values of the shear stress along the crack plane are 

expected to contribute towards crack growth. In grain 590, both the shear and normal stresses relative 

to the crack plane are positive and increasing with respect to loading, albeit the normal stress (or mode 

I opening stress) is expected to have a larger influence on crack propagation as the value of 𝜎௓௓ is 

approximately twice as large as the value of τେ୔ in the grain.   

 To illustrate the heterogeneous response of the grains of interest at the crack front to the applied 

stress, a stress coaxiality angle [74,75] is calculated as follows: 

 𝐶𝑜𝑎𝑥𝑖𝑎𝑙𝑖𝑡𝑦 𝑎𝑛𝑔𝑙𝑒 = cosିଵ ൬ 𝝈𝒂𝒑𝒑𝒍𝒊𝒆𝒅:𝛔||𝝈𝒂𝒑𝒑𝒍𝒊𝒆𝒅|| ||𝛔||൰  (7) 

when this angle is large, a high degree of misalignment of the stress state in the grain is observed with 

respect to the macroscopic applied stress (in which case the SFC is expected to deviate from mode I 

growth in this grain). For a low value of the coaxiality angle, the stress state in the grain is very similar 

to the macroscopic stress state, and the SFC is expected to be driven predominantly by mode I growth 

in this grain. In Fig. 6(h), it can be seen that with an increase in applied load, the coaxiality angle 
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reduces in grains 209 and 590 indicating an increase in alignment of the stress state within the grains 

with the applied load. However, the coaxiality angle in grain 732 remains fairly large (~75°), which 

further indicates the large role of mode II crack growth.  Interestingly, grain 590 initially has the highest 

value of the coaxiality angle and decreases substantially during loading, relative to the other grains 

analyzed, which demonstrates complex grain interaction.  Lastly, for grain 209, the coaxiality angle is 

small, which suggests the dominant role of mode I crack growth for this grain. 

 

Figure 6: (a) Correlation plot of the instance of crack opening (determined by μCT) versus the 
instance of stress reversal (obtained from ff-HEDM), for the grains at the crack front is shown. The 

data points marked along the x-axis correspond to the loadstep (and the corresponding σୟ୮୮୪୧ୣୢ 
values) at which stress reversal (from compression to tension) takes place. Note: For G732, stress 
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reversal happens at σୟ୮୮୪୧ୣୢ = σ୫ୟ୶ = 800 MPa. But the crack-tip is not open here, and is still within 
the background noise levels; (b) The grains at the crack front have been marked on the IPF triangle; 

(c) The evolution of grain averaged stress in the loading direction (σ୸୸) versus applied stress 
(σୟ୮୮୪୧ୣୢ) at 63000 cycles, for grains 590, 732, and 209; (d) The evolution of the stress normal to the 

crack plane (σ୒େ୔) versus applied stress (σୟ୮୮୪୧ୣୢ) at 63000 cycles, for the same grains; (e) σ୸୸ 
plotted against σ୒େ୔ (data from parts (c) and (d)) in the three grains. (f) The evolution of the shear 

stress along the crack plane in the direction of crack growth (τେ୔) versus applied stress (σୟ୮୮୪୧ୣୢ) at 
63000 cycles; (g) σ୸୸ plotted against τେ୔ in the three grains; (h) The coaxiality angle (in degrees) 

plotted against applied stress (σୟ୮୮୪୧ୣୢ) at 63000 cycles for the three grains. 

 

 To provide further evidence to confirm the modality of SFCG in each grain,  the alignment of the 

crack plane with respect to the maximum principal stress (𝜎ଵ) and the critical slip plane (𝑎௜௖) was 

quantified. Using the rationale that mode I crack growth is governed by stresses normal to the crack 

plane pulling apart the crack faces, the magnitude and alignment of 𝜎ଵ to the crack plane at each load-

step was calculated. Since 𝜎ଵ is the maximum normal stress in each grain, a high degree of alignment 

with the crack plane suggests locally mode I dominated loading. Additionally, shear stresses with 

respect to the crack faces are the driving force for sliding events responsible for mode II crack 

propagation. Thus, the alignment of the critical slip plane (as determined by 𝜏ெோௌௌ) with the crack plane 

is quantified to determine the propensity for mode II loading of the local SFC. Figure 7(b) shows the 

orientation of the crack plane (shown in grey) with respect to the orientation of 𝜎ଵ, as well as the critical 

slip plane and slip direction (obtained from the 𝜏ெோௌௌ analysis) in grains 590, 732, and 209. The crack-

tip in grain 209 is dominated by mode I loading (with a high angle of alignment of 4.75° between 𝜎ଵ 

and the crack-plane normal), whereas the crack-tip in grain 590 and 732 are dominated by mixed-mode 

loading. For the case of mixed-mode nature of grain 732, the angle between 𝜎ଵ and the crack-plane 

normal was calculated to be 54.89°, and the angle between the slip plane and the crack-plane normal 

was 66.95°.  For grain 509, the aforementioned angles were 22.31° and 75.30°, respectively. A summary 

of the modality of crack growth in the three grains is presented in Table 1, which is in agreement with 

the earlier analysis of the relative values and associated evolution of the 𝜎ே஼௉ (and 𝜎௓௓) and τେ୔ metrics 

in each grain.  Borrego et al. [76] investigated long cracks in an Al alloy and found that a crack-tip 

loaded under mode I conditions experiences less closure effects as compared to mixed-mode loading. 

Similarly, in the present work, Table 1 demonstrates that in the few grains analyzed for this SFC, the 

crack-tips that are driven by Mode I growth open earlier.  The detailed analysis of these 3 grains, based 

on the geometric alignment of the crack with the associated state of stress on the crystal, elucidates the 

mechanism governing crack closure.  This mechanism is considered to be generally applicable to 

capture the role of the stress state in the grains at the crack tip that are responsible for crack closure of 

SFCs, which can aid in future modeling efforts of this behavior. 
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Figure 7: (a) The grain orientations of the grains at the crack-tip have been explicitly marked on the 
IPF triangle. (b) Illustration of the mixed-mode loading mechanism: (First row) The three grains of 

interest at the crack front have been shown; (Second row) A zoomed in view of the crack plane (grey) 
and the slip plane (yellow) in grains at the crack front, showing: the direction of maximum principal 

stress (σଵ) using a blue arrow, and the active slip direction using a pink arrow. 

 

Table 1: Summary of the mode of loading in the three grains at the crack front 

Grain 
ID 

Alignment 
with 

Mode I 

Alignment 
with  

Mode II 

Trends Stress 
transition 

(compression 
to tension) 

Crack 
opening 

(from 𝛍𝐂𝐓 
analysis) 

Approximate 
% 

penetration 
by crack 

590 22.31° 75.30° Trending 
towards mode 

I 

326 MPa 326 MPa – 
430 MPa 

70% 

732 54.89° 66.95° Approximately 
equal modality 

800 MPa NA 70% 

209 4.75° N/A Mode I 98 MPa 98 MPa 20% 
 

 The evolution of the diffraction peaks in the three representative grains were analyzed by first 

tracking the history of their interaction with the approaching crack (i.e. before 63000 cycles).  The crack 

front had entered grains 590 and 732 by 51000 cycles, whereas in grain 209, this instance was between 

59000 and 63000 cycles. By means of the FWHM 𝜂 and FWHM 2𝜃 assessments, the disruption of the 

local crystallography of the grain is monitored based on penetration of the crack front. In Figs. 8(a) and 

(b), the average FWHM measurements for all the diffraction spots belonging to the {111} lattice planes 

are shown. The {111} is physically relevant since it is the active slip plane of the FCC material, and 
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averaging over the diffraction spots from the {111} will be able to capture the collective evolution of 

lattice distortion as the crack front enters the grain (thus removing bias that may arise due to a large 

amount of deformation from a single diffraction spot representing only one of the {111} planes). The 

jumps in the FWHM 𝜂 and FWHM 2𝜃 values for grain 590 correspond to the events when the crack 

front penetrates the grain at roughly 43000 – 51000 cycles. Similarly, in grain 732, the jump in the 

FWHM at 43000 – 51000 cycles indicates that the crack front has penetrated the grain. These time 

instances of crack penetration in the grains have also been confirmed using tomography. In Fig. 8(c), 

the evolution of a representative spot (from a specific (hkl) plane that aligns with the crack plane) from 

the grains of interest is shown, thus making spot spreading easily discernible. For grain 732, it can be 

seen that the spot spreads in such a way that leads to intensity localization in three distinct regions. This 

is due to misorientations within the grain (mosaic spread) that are due to plasticity events or bifurcation 

of the lattice planes due to cleavage of the grain. Via this analysis, it is seen that the grains in which the 

crack enters earlier during the loading history (grains 590 and 732) experience a progressive delay in 

crack opening, as compared to the grain least impacted by crack closure (grain 209 where the crack 

front enters the grain in between 59000-63000 cycles), evidenced by the lack of FWHM 𝜂 or FWHM 2𝜃 jumps in Fig. 8.    
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Figure 8: (a, b) The evolution of the lattice deformation in the three grains – from 15000 cycles to 
59000 cycles – measured via averaging FWHM η and 2θ (in units of °) for the {111} planes; (c) 

spread of the diffraction spot corresponding to the ሺ1ത11), ሺ113), and ሺ022) crystallographic planes 
for grains 590, 732, and 209 respectively, capturing crack front penetration into the grains via spot 
spreading and splitting. In the coordinate axis shown on the right for each (hkl), X and Y depict the 
horizontal and the vertical axis of the detector respectively, while Z determines the omega frame. 

 

 We use the concept of diffraction spot spreading, which has been used before in literature to 

quantify lattice deformation by grain cleavage and microplasticity [11,47,77], to now help articulate 

crack closure events in the grains at 63000 cycles. The quantified FWHM evolution of the diffraction 

spots during the event of crack closure shows the local crystal lattice response to deformation, 

specifically in terms of changes in intragranular misorientation and the stress gradient within the grain 

containing the crack-tip. Since the goal is to capture the instance of crack-tip opening within a grain, 

the (hkl) that had the smallest angle with the crack plane normal was calculated for each grain. The 

logic behind this choice is that visible detection of spot spreading depends on the geometric relationship 

between the cleavage plane of the crack and the scattering vector of the diffraction peak. This (hkl) 

would thus be the most sensitive to any local crack opening events because it has a high degree of 

alignment with the crack plane. This was determined to be the (1ത11) for grain 590, the (002ത) for grain 

732, and the (022) for grain 209. Figs. 9(a) and (b) track the averaged FWHM 𝜂 and FWHM 2𝜃 for 

the {111}, {002}, and {022} family of planes for grains 590, 732, and 209, respectively. The average 

response has been shown to reduce bias associated with a highly aligned diffraction spot. Figure 9(c) 

illustrates the evolution of a well aligned (and representative) diffraction spot in the three grains, with 

respect to an increase in the applied load, to detect the instance of crack opening. The opening of the 

crack tip manifests as a gradual spreading of the diffraction spots as shown in Fig. 9(c). However, this 

analysis is unable to capture the exact instance of local crack-tip opening, due to (i) the inherent nature 

of the grain averaged effects associated with ff-HEDM and (ii) increased dislocation densities within 

these grains results in spot spreading and obscures crack opening events. The general trend is such that 

the FWHM increases in grains 590 and 209 after the local crack-tip opens.  While the FWHM for grain 

732 does not show any observable trends, at the last load step (800 MPa), there is a spike in FWHM 

2𝜃. This can be explained by the grain averaged stress (Fig. 6(c)) increasing above 0 MPa at the final 

load step. This spike is seemingly accommodated by an intragranular strain heterogeneity within grain 

732 but has no influence on the misorientation changes within the grain. A limitation of the current 

experimental setup does not allow us to decouple the influence of grain splitting and microplasticity on 

any FWHM changes. Furthermore, due to the experimental setup’s nature of capturing the grain-

averaged effects, the spread in the diffraction spots also depends on the extent of penetration of the 
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crack into the grain. A relative analysis of the extent of crack penetration into the grains was performed, 

which showed that the degree of penetration into grain 209 (which exhibited earlier crack opening) was 

much less (~20%) than the degree of crack penetration into grains 590 and 732 (~70% in each), as 

summarized in Table 1.  While the reported grain-average quantities from ff-HEDM present spatial 

limitations for the calculated micromechanical fields, the grain-level resolution within 3D bulk cracks 

still provides critical information that was previously unavailable.  

 

Figure 9: (a, b) The evolution of the deformation in the three grains – at 63000 cycles – captured via 
averaging FWHM η and 2θ for the {111} planes in grain 590, the {002} planes in grain 732, and 

{022} planes in grain 209; (c)  evolution of the diffraction spot corresponding to the (1ത11), (002ത), 
and (022) crystallographic planes for grains 590, 732, and 209 respectively, capturing crack-tip 
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opening. The star indicates the instance of local crack-tip opening as determined by μCT analysis. In 
the coordinate axis shown on the right for each (hkl), X and Y depict the horizontal and the vertical 

axis of the detector respectively, while Z determines the omega frame. 

 

 Through this work, we have shown that a delay with respect to loading progression in the 3D crack 

opening behavior is exacerbated by loading conditions at the crack tip that deviate away from purely 

mode I loading and trend towards a combination of both modes I and II, and a high degree of stress 

coaxiality in the grain at the crack front. Within a grain, the stresses normal to the crack plane dominate 

the crack opening behavior when the crack tip is well aligned with mode I crack growth. On the other 

hand, a high degree of misalignment with mode I crack growth, which was also seen to correlate with 

a large value of the stress coaxiality implying that the stress state in the grain is not well aligned with 

the applied macroscopic stress, is reflected in the crack plane having high shear stresses which in turn 

influences the crack closure events. In the latter case it was seen that both normal and shear stresses 

contribute towards crack opening leading to mixed-mode loading conditions at the crack tip.  A 

schematic of the 3D nature of Modes I and II at the grain-level is indicated in Fig. 10(b). This study 

demonstrates the need for a 3D characterization of SFCG, as 2D measurements are unable to account 

for the heterogeneous interactions between the bulk microstructure and a highly tortuous SFC. It has 

also been shown that only 3D characterization allows us to capture compressive stress distributions 

along the tortuous crack front, which is essential to predicting a more accurate fatigue life of the 

component while modeling SFCG. From the results and discussions presented in this work, one can 

conclude that while the lifing of long cracks can be done with the aid of Paris law and the effective 

stress intensity factor [4,16], the lifing of SFCs needs to take into account the local microstructure 

response to the propagating crack, as this adds complexity to local opening of the crack front.  

 

5. Conclusion 
 In this work, ff-HEDM and μCT have been used as a combined in-situ approach towards studying 

the SFCG and closure mechanism in IN718 at length scales relevant to the size of the propagating crack, 

which is of the order of a few grain sizes. Through this approach, the 3D tortuous crack morphology was 

extracted, and detailed grain level information was obtained, such as grain orientations and complete elastic 

strain tensors, which can be used to inform microstructure sensitive modeling in order to improve their 

predictive capabilities. The key contributions of this work are as follows: 

• The opening of a tortuous 3D SFC is spatially heterogeneous with respect to loading progression, 

during the cyclic loading profile, influenced by a non-uniform compressive stress distribution 

along the crack-front. This work presents experimental evidence, at the grain-scale, to confirm that 
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the underlying mechanism behind crack closure of microstructurally SFCs is the reversal of 

stresses, from compression to tension, that happens at the crack-tip. This behavior was confirmed 

for the 12 grains analyzed in this study that contain the crack front. It is known that there is 

uncertainty in the life prediction of components because of the variability in the crack growth rate 

in the SFC regime. The results shown in this work are especially relevant because we can now 

associate that variability with the stress-state and local crack opening events in the grains at the 

crack front. 

• In order to explore the influence of the loading mechanism on the crack path, 3 grains of interest 

were selected out of the grains that lay at the crack front for further detailed analysis, and the 

alignment of the cleavage plane of the crack-front was compared to the complex stress-state 

obtained directly via 3D X-ray experiments. Analogous to the continuum scale, it was found that 

the local propagation of a tortuous 3D SFC is mode I or a combination of modes I and II, and the 

differences in modality of crack propagation and the stress state in the grains are a contributing 

factor towards the aforementioned spatially-dependent nature of crack opening. It was also found 

that those grains that were more aligned to mode I loading opened earlier in the loading cycle, in 

agreement with previous literature [76].   

• Specific cases of crack closure through individual grains within a sample have been documented 

in this work, based on the deformation of the local crystallographic lattice planes. Through 

diffraction spot-spreading analysis, it was found that the distortion of the lattice due to its 

interaction with the cleavage plane of the crack is accommodated within the grain that contains 

the crack-tip, specifically as a change in lattice curvature (measured by FWHM 𝜂) or as a spread 

in lattice strain within the grain (measured by FWHM 2𝜃). It was revealed that local crack-tip 

opening manifests as a spread and further splitting of the diffraction spots belonging to the 

crystallographic planes that are well aligned with the crack plane, which is reflected in the increase 

of the FWHM of the diffraction spots. Local plasticity also has an influence on the spread of the 

diffraction spots, although the current data and experimental technique are incapable of de-

coupling the influence of the plasticity and cracking of a grain based on the FWHM analysis of its 

diffraction spots.  
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Appendix. Determining the crack growth direction in the three grains of interest 

 

Figure 10: Schematic depicting the crack growth direction, at a point, within a grain of interest. 

 

 While modes of cracking are defined from a LEFM perspective, these ideas are extended to the 

grain-level, such that Mode I cracking refers to the stress normal to the crack plane and Mode II cracking 

refers to the stress tangent to the crack plane (in the direction of crack propagation). In Fig. 10, the crack 

plane and crack growth direction, for point G in a grain of interest, at the crack front has been shown. The 

crack plane is first projected on a 2D plane as shown in Fig. 10(a). Plane TT’ is an imaginary plane, which 

lies parallel to the loading axis, such that it is perpendicular to the 2D projected crack plane, and runs 

through point G and point O (which is the corner of the sample from where the crack initiated). Assuming 
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that the crack growth direction at any point on the crack front lies along a vector projected from the origin 

point of the crack (point O in this case), vector OGሬሬሬሬሬ⃗  (which lies on the 2D projected plane of the SFC) then 

shows the direction of crack growth in 2D. This vector also lies on plane TT’ as mentioned above. Figure 

10(b) shows an enlarged view of the planes at the grain of interest. Here, 𝑛௜ is the vector normal to the crack 

plane, 𝑡௜ is the vector normal to TT’, and vector 𝑠௜ lies on the actual 3D crack plane, showing the direction 

of crack growth. Since 𝑠௜ lies on the intersection of the crack plane and plane TT’, the normal vectors of 

both planes will be orthogonal to 𝑠௜. Thus, 𝑠௜ can be calculated using the following equation: 𝑠௜ = 𝜖௜௝௞𝑛௝𝑡௞, 

where 𝜖௜௝௞ is the permutation symbol. 
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