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Abstract 

Complex 3D microstructure and mechanical properties can be precisely characterized 

and linked by employing the X-ray micro-tomography combined with EBSD serial 

sectioning. Global sensitivity and principal component analysis can be used to rank and 

coarsen the contributing features that control the mechanical response. Afterwards, by 

creating surrogate models, the relationship between the most contributing features and 

mechanical properties can be further analyzed via support vector machines. The 

aforementioned novel approach was applied to study the relationship between 

microstructural features and short crack behavior in a Ti-6Al-4V alloy. It was revealed 

that short crack path, growth rate, and its variation are mainly affected by the interaction 

with neighboring grains; however, as the short crack front becomes larger, there is a 

decrease and a change in the importance of those interactions. A high number of grains 

in contact with a long cracked α grain in the loading direction may impose a constraint 

on the crack opening resulting in low crack growth rates. As the crack length increases, 

the increase in the shear stress field away from the cracked grain leads to crack 

bifurcations and the formation of secondary cracks, resulting in a decrease in crack 

driving forces with low crack growth rates. It was concluded that short crack behavior is 

strongly affected by the shape, size, and crystallographic features of its neighboring 

grains, which cause variation in the shear and tensile stress fields resulting in crack 

growth rate variation.  

Keywords: X-ray microtomography, Short crack propagation, 3D microstructure, 

Global sensitivity analysis, Principal component analysis, Surrogate model, Ti-6Al-4V  
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1. Introduction 
 
A detailed understanding of the mechanical properties in polycrystalline alloys, such as 

Ti-6Al-4V, requires a realistic investigation of microstructural features [1]. In the case of 

fatigue properties, as the cyclic loads are applied, small existing defects start to propagate 

on the surface and inside the microstructure [2]. Short crack propagates along the 

persistent slip bands inside a grain until it approaches the grain or phase boundary [3,4]. 

The crack growth rate decreases at the grain boundary and its subsequent path and growth 

depend on the size, crystallographic orientation, strength, etc., of the subsequent cracked 

grain [5–7]. For instance, studies have shown that a change in crack plane angle across 

the grain boundary can lead to crack growth rate variation [8,9]. As the short crack length 

and its plastic zones increase, it becomes less sensitive to the above-mentioned local 

microstructural features, which results in lower crack growth rate variation [10,11].  

Traditionally, the complex 3D microstructural features, e.g., grain size, have been 

characterized by averaging them on 2D cross-sections through the thickness [12,13]. On 

the other hand, 3D short crack growth has been simplified by measuring it on the 2D 

surface [2,14]. Finally, a correlation between the averaged microstructural features and 

short crack growth behavior has been estimated [15–18]. Using the traditional approach, 

a scatter band of short crack growth rate is estimated without considering the crack in-

situ interaction with various local 3D microstructural features [19,20].  

Regarding the 3D analysis, quantitative tilt fractography combined with EBSD analysis 

has been used to study the effect of local 3D microstructural features on the short crack 

growth behavior [16,21]. For instance, it was shown that a cluster of α grains with 

relatively high Schmid factor and similar orientations leads to crack formation followed 
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by propagation that causes fracture [22–25]. However, the post-fracture analysis is 

destructive and cannot capture the accurate in-situ 3D crack growth behavior in the local 

microstructure. 

As a consequence, recent studies have employed X-ray synchrotron tomography in 

order to reach a non-destructive and in-situ observation of short crack growth behavior 

[26,27]. In addition, the diffraction contrast tomography has been employed to 

characterize the accurate 3D microstructural features [28,29]. However, the effect of 3D 

microstructure on the short crack growth are still qualitative [30,31]. On the other hand, 

advances have been made on short crack characterization by using finite element models 

considering fatigue indicator parameters [32–34]. However, there is major challenge to 

predict the accurate stress and strain due to different competing microstructural features 

[34,35]. As a result, there is an essential need for 3D experimental based methods that 

can extract the predominant microstructural features that control the 3D short crack 

growth behavior. 

In this study, by employing the X-ray micro-tomography combined with EBSD serial 

sectioning, an explicit spatial and temporal linkage between 3D microstructural features 

and short crack behavior at low cycle fatigue in a Ti-6Al-4V alloy was established. 

Nonetheless, the interpretation of short crack behavior due to its interaction with large 

number of microstructural features is complicated. To overcome this issue, a surrogate 

approach via a set of advanced statistical techniques was applied. First, the global 

sensitivity analysis [36] was used to rank the contribution of the features to the short 

crack growth behavior. The principal component analysis [37] was performed to 

eliminate features with similar covariance but lower rankings. Afterwards, by creating 

surrogate models, the relationship between the most contributing microstructural features 
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and short crack growth behavior were further analyzed using support vector machines 

[38].This procedure aids in revealing the possible microstructural mechanisms that 

control the short crack growth behavior. The above-mentioned approach can be applied 

to study the relationship between mechanical properties (fatigue, fracture, etc.) and the 

predominant 3D microstructural features in a wide range of polycrystalline alloys.    

 

2. Experimental procedures and surrogate approach 

2.1 Material, fatigue testing, 3D reconstruction of microstructure and short 

crack 

The chemical composition and heat treatment of the Ti-6Al-4V alloy employed in this 

study is given in [9]. At the end of the heat treatment, this alloy was composed of 65% 

hexagonal close-packed (hcp) primary α phase and 35% of acicular secondary α phase 

within the body center cubic (bcc) β phase (α+β phase).  

As mentioned, the aim of this study was to characterize the short crack growth rate in 

the low cycle fatigue regime. A notch (existing defect) with a dimension of 60×20×4 μm 

was made on the specimen with cross sections of 600×600 μm using a focused ion beam. 

Preliminary fatigue tests were conducted with different stress levels at R = 0.1 and 15 

Hz. At a maximum stress of 778 MPa, the average fatigue lifetime of specimens was 

30000 cycles, which corresponds to the low cycle fatigue regime. 

As a result, the aforementioned load conditions were applied to monitor the growing 

crack inside the specimens using in situ computed tomography (CT) at the BL20XU 

beamline of SPring-8. The monochromatic X-ray energy of 30keV was produced by a 

liquid nitrogen-cooled Si (111) double crystal monochromator. During 180 degrees of 

stage rotation with 0.1 degree steps, 1800 scans were performed with an exposure time 
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of 400 ms. Other details of the scanning conditions can be found in [9].  

Since the average size of the primary α grain was equal to 20 μm, the crack was 

periodically scanned for every 5μm of crack growth projection on the detector to 

characterize the crack growth inside the grains. The short crack growth was scanned for 

two different crack length regions. The applied maximum stress induces a monotonic 

plastic zone of 20 μm ahead of the notch [39]; thus, it was ensured that the characterized 

crack front regions are outside of the induced plastic zone. The first region corresponds 

to 105 to 156 μm (8700 to 10600 cycles, respectively) and the second region corresponds 

to 292 to 342 μm (17000 to 18560 cycles, respectively). As the short crack front grows 

into the second region, a possible change in the interaction with different microstructural 

features can be analyzed. 

The scanned absorption contrast images were converted into the phase contrast images 

in order to increase the contrast of gray values between α and α+β phases which enables 

to binarize them as shown in Figure 1. The α grains, their boundaries, and 

crystallographic orientations were determined and carefully verified by using the EBSD 

serial sectioning through the specimen thickness for every 3μm. In total, 318 α grains 

with their surrounding α+β phase were identified in the microstructure.  

The absorption contrast images were used to determine the crack front coordinates for 

each image slice as compared to the notch; details can be found in [9]. The absorption 

images were aligned with the reconstructed α grains and their boundaries, which enables 

the identification of crack front coordinates in each grain. Overall, the crack front was 

growing inside 15 and 38 α grains (cracked grains) in the first and second region, 

respectively.  
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2.2 Quantification of microstructural features and short crack behavior 

2.2.1 Geometrical and crystallographic features of grains 

In order to investigate the effect of 3D microstructure on short crack growth behavior, 

a precise analysis of geometrical and crystallographic features of each cracked grain and 

its neighboring grains were carried out. To do so, the slice images of each grain were 

registered to define its centroid and to quantify its size, which is described as surface area, 

volume, and shape using the procedure introduced in [40]. The mass was assumed to be 

homogenously distributed in the grains and phases, so the centroid and the center of 

gravity of grains were identical. The shape of each grain was precisely quantified by ten 

features (F1 to F10) as described in Table 1. The EBSD was employed to quantify the 

crystallographic orientations with respect to the macroscopic stress that results in the 

apparent Schmid factor on each crystallographic plane (basal, prismatic, pyramidal), and 

the maximum apparent Schmid factor for each grain. For the sake of brevity, the term 

Schmid factor is adopted hereafter.  

 
2.2.2 Multi-grain interactions  
 
The interaction of the neighboring or surrounding microstructure with the cracked grain 

can have a major effect on the crack growth behavior [16,22]. Therefore, in this section, 

the surrounding microstructure of the cracked grains was quantified in detail. The 

surrounding α grains were classified as grains in contact, in plastic zones and at the crack 

front to compare their microstructural features with the cracked grain (second row in 

Table 2). The type of microstructural features were defined as distribution, size, and 

crystallographic (first column in Table 2).  

 The cracked grains slice images were outlined to identify the contact area with the 
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surrounding microstructure. The ratio between the contact area of α+β phase and α grains 

is defined as the percentage of surrounding α+β phase. On the other hand, the maximum 

and average values of each type of feature for α grains in contact were compared to the 

cracked grain (third column in Table 2). For instance, the ratio of the average volume of 

grains in contact (Vic
Ave) as compared to the cracked grain volume (V) was quantified as 

RVic
Ave. This was also quantified for other types of features such as surface area (RAic

Ave), 

apparent Schmid factors (RSic
Ave) and disorientations (DOic

Ave). The subscript shows the 

class of the feature (ic for grains in contact) and it implies that there is an interaction with 

the surrounding grains. The superscripts (Ave and Max) show that the interaction involves 

the average and a maximum feature value, respectively. 

As the crack front grows, there is an increase in the cyclic and monotonic plastic zones 

ahead of the crack front. The grains enclosed within these regions can also affect the 

crack path and growth behavior. As a result, the monotonic plastic zone size was 

calculated according to [41] along the inhomogeneous crack front inside each cracked 

grain. The cyclic plastic zone size was considered to be one-fourth of the monotonic 

plastic zone size [42]. The surrounding grains within those zones were classified as grains 

in plastic zones. For example, the ratio of the average basal Schmid factor of grains in 

the monotonic plastic zone (BSmp
Ave) as compared to the cracked grain basal Schmid 

factor (BS) was quantified as RBSmp
Ave. It should be stated that due to the experimental 

constraints such as holding time during the scanning, which can induce cold creep in 

titanium alloys, the local strain states could not be measured via synchrotron X-ray 

diffraction technique. As a consequence, the above-mentioned calculations of the plastic 

zones were assumed to be valid for the present short crack.  
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The grains around the crack front can affect crack path and growth behavior. Thus, those 

grains were defined with respect to the crack wake and front geometry. The surrounding 

grains in contact within the height of the crack wake and within ±45 degrees deviation 

from the cracked grain gravity center were classified as grains at the crack front. For 

instance, the average orientation of grains at the crack front (Ocf
Ave) as compared to the 

cracked grain (O) was quantified as the disorientation between them (DOcf
Ave).  

 
2.2.3 Short crack growth behavior at the sub-grain scale 

After quantifying the microstructural features of cracked grains and its surrounding 

microstructure, the short crack growth behavior in each cracked grain was analyzed. The 

average grain size is 20 μm in this alloy; in consequence, crack growth was monitored 

for every 5 μm using the X-ray micro-tomography to analyze crack growth inside the 

grains. This procedure has led to an average of four crack growth steps in each grain, 

which enabled us to define an average crack growth rate (ACGR) and standard deviation 

(CGSD) for each grain. On the other hand, the crack front coordinates that corresponded 

to the first and last cycles inside each grain were determined. From those coordinates, 

two vectors were defined to calculate the crack plane normal in each grain. By using the 

crack plane and the crystallographic grain orientation, i.e., Euler angles, the crack plane 

with respect to each grain’s crystallographic plane was determined. The crack planes 

were classified as on the basal planes or on the non-basal planes. The fracture paths were 

classified as facet-like or non-facet-like path in grains. Thus, the short crack behavior 

consisted of crack path, growth rate and its variation. These parameters were quantified 

in 15 cracked grain, as the crack front became larger, 38 grains were cracked in the 

second region.  
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2.2.4 Normalization procedure 

The previous procedures resulted in a precise quantification of microstructural features 

and short crack growth behavior for 53 cracked grains. The microstructural features such 

as size, shape, distribution, and crystallographic have different distributions and units. 

For instance, grain volumes of cracked grains ranged from 896 to 35573 μm3, but the 

average disorientations with the neighboring grains were between 0 to 90 degrees. In 

order to ensure that all features ranged from 0 to 1, the normalization procedure was 

carried out. The distribution of each feature was binned and a particular case of the 

Gumbel probability density function considering the extreme distribution [43] was fitted 

to determine the maximum and minimum of each feature, so all features were scaled 

from 0 to 1. For instance, the fitted curve for a feature (disorientation of grains in contact 

with the cracked grain) is given in Figure 2(a). To assess the relationship between the 

features and crack growth behavior, the short crack growth rate and its variation were 

also normalized using the same procedure (Figure 2(b)).  

2.3 Assessment of microstructure and short crack behavior relationship  

2.3.1 Global sensitivity analysis 

A precise quantification of features and short crack growth was conducted and an 

explicit linkage was established. The matrix of the quantified microstructural features 

and short crack behavior along the crack front can be summarized in Figure 3. 

Nonetheless, the assessment of the complex relationship between 3D microstructural 

features and short crack behavior remains a major challenge. The global sensitivity 

analysis has been used to gain more knowledge about the complex behavior of a model 

[44]. In this analysis, the correlation between the inputs and the outputs are evaluated 

over a large region of space [44,45]. In the context of this study, the aforementioned 
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analysis was applied to rank the 3D features (inputs) based on their correlation with the 

3D short crack growth behavior (outputs) [45,46].  

In order to measure the correlation between the microstructural features and short crack 

behavior, the Pearson correlation coefficient (PCC) was employed [47,48]. This 

coefficient for each quantified microstructural feature and short crack growth behavior 

can be given by:  

PCC = COV (microstructural feature, short crack behavior)/ (SD (microstructural feature) 

× SD (short crack behavior)).  

The COV is the covariance between a quantified feature, such as the grain volume of a 

cracked grain, and short crack behavior, such as growth rate; SD represents the standard 

deviation for the features and short crack behavior. An absolute PCC value equal to 1 

shows a strong correlation, and 0 implies that there is no correlation. The microstructural 

features were ranked based on their correlation coefficients. 

2.3.2 Principal component analysis 

In order to evaluate the covariance between the ranked microstructural features, the 

principal component analysis (PCA) was used [37]. In this analysis, the features can be 

grouped into a new orientation with two principal component axes that are orthogonal. 

The first and second components are the axes with first and second largest variance, 

respectively. Each feature has a coordinate with a corresponding eigenvector. A close 

angle between the eigenvectors of the features shows that they have similar covariance, 

therefore leading to a similar effect on the crack growth behavior. An eigenvector angle 

of 5 degrees between microstructural features was determined to eliminate (hereafter, 

called coarsen) features with similar covariance but lower ranking. Finally, three 
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coarsened features that had the highest correlation with the short crack growth behavior 

were determined.  

2.3.3 Surrogate models via support vector machines 
 
The complex microstructural features were ranked and coarsened. The three highest 

ranked (most contributing) microstructural features controlling the short crack growth 

were selected for further analysis. By creating surrogate models, the relationship between 

those features and the short crack growth behavior were assessed via support vector 

machines [49]. Support vector machines (SVMs) are statistical learning machines that 

use a set of training and testing data (input-output pairs) to find an optimum classification 

or regression [50,51].  

In the case of the crack path, an optimum hyperplane can classify the features into those 

that lead to growth on the basal and non-basal planes. To do so, a classification type of 

support vector machines, known as the SVMC, was used [52,53]. An optimum kernel 

function and penalty parameter, C, were defined by using grid search with cross-

validation that minimizes the training error [54,55]. A similar approach was used for a 

crack path in a facet-like and non-facet like path.  

In the case of crack growth, the two most contributing microstructural features with 

respect to crack growth and its variation were considered for analysis. In this case, a type 

of support vector machines for regression, known as epsilon-SVR was applied [52,56]. 

The choice for the kernel and the epsilon was defined by using a grid search with cross-

validation. A three dimensional response surface curve was employed in order to 

visualize the trend in those features resulting in the lowest average crack growth rate and 

its variation. 
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3. Results 

3.1 Short crack path and growth 

The three dimensional crack front and α grains projection on the xy plane are shown in 

Figure 4(a) and (b), respectively. Each line corresponds to an interrupted load cycle that 

results into a 5μm growth. The short crack has a highly inhomogeneous growth due to 

the interaction with the microstructural features. However, as it grows into the second 

region, the crack becomes close to a semi-elliptical crack with inhomogeneous growth at 

some locations.  

Figure 5 shows the reconstructed cracked grain (blue grain) with its surrounding 

microstructure consisting of α+β phase and α grains. The corresponding superimposed 

crack images from 9250 to 9710 cycles in the blue grain show that the crack has a high 

average crack growth rate with low spatial variation. In the following section, the 

microstructural features that control the short crack path, growth rate, and its variation 

are analyzed. Those features are examined and quantified in 53 cracked grains in the first 

and in the second region of the crack front. 

3.2 Correlation between microstructural features and short crack behavior  
 
The results of principal component analysis (PCA) for the microstructural features are 

summarized in Figure 6. The explained variance by the two components is 50% and the 

clusters of features with common variance are given. It can be seen that a cluster of 

encircled features, such as the surface area of the cracked grain (A), its volume (V), and 

its integral of mean curvature (MC) have similar angles in Figure 6. This implies that 

these features have similar covariance leading to a similar effect on crack growth 

behavior, so they are coarsened to the feature that has the highest correlation coefficient 

with the crack growth behavior.  
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After coarsening the microstructural features using the PCA, three features having the 

highest Pearson correlation coefficient (PCC) values with respect to the crack path on 

the basal plane and in a facet-like fracture are shown in Figure 7(a). The crystallographic 

features of the surrounding grains have moderate to high correlation coefficients [48,57] 

with the crack path (see written features with subscripts on bars in Figure 7(a)) in both 

regions. Thus, it can be said that the short crack, which grows from the first region into 

the second region in this alloy, is still sensitive to the microstructural features, so 

hereafter is referred to as the longer short crack. 

In the first region, there is a strong correlation between the two crystallographic features 

(PCC values higher than 0.6) [57] and the crack growth on the basal plane and in a facet-

like fracture. The crystallographic features leading to crack growth on the basal plane 

and in a facet-like fracture are similar. The basal Schmid factors of grains in the cyclic 

plastic zone (cp subscript) are the main class of features controlling the crack path (Figure 

7(b)). The average and maximum basal Schmid factor of those grains (RBScp
Ave and 

RBScp
Max, respectively), followed by the basal Schmid factor of the cracked grain (BS) 

lead to a growth on the basal plane. In the case of facet-like growth, similar cyclic 

behavior plus the maximum basal Schmid factor of grain in contact (RBSic
Max) are the 

most contributing features. 

Regarding the longer short crack in the second region, there is a decrease in PCC values 

(see Figure 7(a) in the second region). The interaction with surrounding grains extends 

to the grains in contact, the crack font, and the monotonic plastic zone (subscripts with 

ic, cf and, mp, respectively). In addition, the average disorientation of those grains and 

the maximum prismatic Schmid factor affect the crack path. This shows that the crack 

path selection is still affected by the crystallographic features of the surrounding grains 
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for a longer short crack in this alloy (Figure 7(c)).  

Regarding the microstructural features controlling the short crack growth rate and its 

variation (ACGR and CGSD, respectively), three coarsened features having the highest 

PCC values for each region are shown in Figure 8(a). The types of features include the 

distribution of phases (α and α+β), shape, size, and crystallographic features of the 

cracked α grains as compared to the surrounding α grains. Among those features, cracked 

grains shape and the relative crystallographic features of the neighboring grains are the 

most important features affecting crack growth behavior.  

In the first region, the ACGR depends on the cracked grain shape (F2 and F10), and the 

number of grains in contact with it (nic in Figure 8(b)). Therefore, a combination of the 

cracked grain shape with the number of its surrounding grains can lead to a low crack 

growth rate. Similar to the crack path, the CGSD is controlled by grains crystallographic 

features in the cyclic plastic zone; in addition, the number of grain (ncp) in the plastic 

zone contributes to the crack growth rates variation.  

As the short crack front becomes larger in the second region, there is a decrease in PCC 

values of microstructural features (see Figure 8(a) in the second region). This is 

consistent with previous studies that have reported that longer crack lengths are less 

sensitive to the microstructural features [58,59]. In addition, it can be seen that there is a 

change and an overall decrease in the number of features that includes the strong 

interaction with surrounding grains as compared to the first region. The coarsened 

features still include the shape of the cracked grain and the surrounding grains in contact 

with it (Figure 8(c)); however, the crack growth behavior is affected by the higher number 

of grains features enclosed in the monotonic plastic zone (subscripts mp), which is similar 

to the microstructural features affecting the crack path. A combination of grain shape 
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(F1) with its Schmid factor (S) as compared to the Schmid factor of the surrounding 

grains (RSmp
Ave) may lead to a low crack growth rate. The cracked grain shape (F1 and 

F2) in contact with a grain having a high surface area (RAic
Max) may lead to low crack 

growth rate variation. It has been reported that a low disorientation between surrounding 

grains may lead to an increase in crack growth rate in Ti-6Al-4V alloys [24,60]. However, 

in this study, the disorientation between surrounding grains has a low correlation 

coefficient with the short crack growth rate. As a result, it can be said that there are no 

clusters of grains with similar orientations around the crack path. 

4. Discussion 

4.1 Short crack path evaluation  

The microstructural features that induce a crack path in a specific crystallographic plane 

are still debatable in the literature [27,61]. In this section, by creating surrogate models, 

the relationship between the most contributing microstructural features that control the 

crack path on the basal or non-basal planes are specified using support vector machines 

[54] for both crack front regions. In the first region, short crack grows in most of the 

grains through the basal plane (red points in Figure 9(a)); cracking on the basal plane 

often occurs in grains with high basal Schmid factor surrounded by grains with relatively 

lower basal Schmid factors in the cyclic plastic zone (low RBScp
Ave and RBScp

Max). Figure 

9(b) shows a representative cracked grain A with its surrounding grains. As the basal 

Schmid factor of the cracked grain decreases, the probability of having a crack growth 

on the non-basal plane increases. A high average basal Schmid factor of surrounding 

grains in the cyclic plastic zone may induce more slip activities on the non-basal plane, 

so crack growth on those planes occurs. The features that affect the crack in a facet-like 

path are similar to the features that lead to a growth on basal plane in the first region. 



 

17 

 

Thus, growth on the basal plane leads to a growth in a facet-like path as reported by the 

previous studies [22,23,62]. 

As the short crack front becomes larger in the second region, there is an increase in 

crack paths growing through grains on prismatic and pyramidal planes, which are defined 

as the non-basal planes (dark points in Figure 9(c)). As a result, there is a decrease in 

number of features that correlate with basal Schmid factors. A relatively high basal 

Schmid factor is still an important feature for crack growing on basal planes (grain E in 

Figure 9(d)); Moreover, a relatively high prismatic Schmid factor of grain in the 

monotonic plastic zone (RPSmp
Max) and a high average disorientation of grains in contact 

(DOic
Ave) are associated with a crack path on the basal plane. It was observed that a high 

basal Schmid factor of grains away from the crack front leads to crack bifurcations and 

to formation of secondary cracks but the high disorientation with the surrounding grains 

results in their arrest. Similar to the crack path on the basal plane, crack grows in a facet-

like path in grains with high basal Schmid factor which are surrounded by grains with a 

high average disorientation in the monotonic plastic zone. 

4.2 Microstructural features relationship with short crack growth behavior 

A low crack growth rate with low variation leads to a better fatigue lifetime with a 

predictable fatigue crack growth, respectively. In this section, the relationship between 

most contributing microstructural features leading to an optimum ACGR and CGSD will 

be determined. The 3D response surface curve and its projection were employed to 

visualize the trend in those features with respect to the crack growth and its variation. 

The contour projection of the response surface curve for ACGR with respect to cracked 

grain shape (F2) and grains in contact with it (nic) are shown in Figure 10(a). The data 

show that a decrease in F2, which is an increase in grain’s length in the loading direction 
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(grain G in Figure 10(b)) with an increase in number of grains in contact lead to a low 

ACGR. For longer grains, a higher number of grains in contact do not induce a further 

decrease in the ACGR. 

As the short crack length increases in the second region, a relatively high average 

Schmid factor of the grains in the monotonic plastic zone (RSmp
Ave) as compared to the 

cracked grain (S) results in the formation of secondary cracks and bifurcations (features 

of grain K in Figures 10(c) and (d)), which leads to a decrease in crack driving forces 

and the ACGR.  

Figure 11(a) shows that as the average and maximum Schmid factors of grains in the 

cyclic plastic zone (RScp
Ave and RScp

Max, respectively) become lower than the cracked 

grain, the CGSD decreases. This may impose a uniform crack growth inside the cracked 

grain (grain G in Figure 11(b)) that has a higher basal Schmid factor as compared to the 

surrounding grains in the cyclic plastic zone. Moreover, low number of grains in the 

cyclic plastic zone (npc), which leads to a higher fraction of α+β phase, induces a decrease 

in the variation of crack growth rate.   

As the short crack front becomes larger, long cracked grains along the thickness (low 

F1) with lower surface area than the largest grain in contact (high RAic
Max) lead to a low 

CGSD (features of grain K in Figure 11(c)). The grain in contact with a high surface area 

(grain P in Figure 11(d)) may induce a uniform strain to the cracked grain as compared 

to small grains with different shapes and crystallographic orientations.  

4.3 Microstructural mechanisms controlling the short crack behavior 

The microstructural features that control the short crack path, growth rate and its 

variation were determined. Here, the relationship between those features and short crack 

are discussed in order to reveal the possible microstructural mechanisms that may induce 
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a specific crack path, low ACGR, and low CGSD.  

Some studies have suggested that growth on a cluster of grains with high basal Schmid 

factors leads to growth on basal planes in facet-like paths that results in a high crack 

growth rate [16,23,63]. In this study, the microstructural features leading to short crack 

growth on the basal plane in a facet-like path are also similar. However, the 

microstructural features correlating with the crack path and ACGR are different (Figure 

7 versus Figure 8, respectively); therefore, crack growth on a basal plane does not 

necessarily lead to high ACGR. 

In contrast, it was revealed that the average crack growth rate depends on the cracked 

grain shape and the grains in contact with it. The cracked grain G in Figure 10(b) is 

elongated in the loading direction with 28 grains that are in contact with it. Fourteen of 

those grains are enclosed in the monotonic and cyclic plastic zone, so they are subjected 

to high plastic deformations. The remaining 14 grains are in contact with the cracked 

grain and they are still in the elastic region with no plastic deformation. Therefore, those 

grains impose a local constraint on the plastically deformed grains including the cracked 

grain.  

It is presumed that accumulated damage in grains is caused by a combination of shear 

and tensile stress [16,23]. Thus, the local constraint imposed by the grains in contact 

decreases the tensile stress required for damage and cracking, so the crack growth rate is 

decreased [59,64]. In other words, those grains in contact may induce a local crack 

closure leading to a decrease in crack opening levels and ACGR. However, after reaching 

a certain number of grains in the elastic region, the level of constraint imposed by those 

grains may reach a constant level, so ACGR will not further decrease (see points at low 

F2 with different nic in Figure 10(a)). 
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Regarding the crack growth rate variation, it was found that lower numbers of α grains 

in the cyclic plastic zone, which results in higher fraction of α+β phase, lead to lower 

CGSD (Figure 11(a)). It has been reported that an increase in α+β phase fraction causes 

a lower variation in crack growth rate [65–67]. This increase may induce a more uniform 

distribution of strain due to the existence of successive α and β laths within a α+β grain 

as compared to only a primary α grain with few possible slip systems [66,68]. In addition, 

this analysis shows that a low shear stress field induced by those α grains is necessary 

for a low crack growth variation.  

As the short crack length increases in the second region, there is an increase in plastic 

zone sizes so that a higher number of grains are subjected to plastic deformation and the 

aforementioned effect of local crack closure for long grains may decrease. However, it 

was observed that crack bifurcations and secondary cracks are formed in grains enclosed 

in the monotonic plastic zone that have much higher Schmid factors than the cracked 

grain. Thus, there is a sudden increase in the shear stress field from the cracked grain 

towards the grains in the monotonic plastic zone (Figure 10(d)). This distribution of the 

stress field causes crack formation within the plastic zone that induces a decrease in the 

crack driving forces, leading to a lower ACGR.  

A long cracked grain along the thickness has a lower variation in the plastic zone along 

the crack front which leads to a stable crack front growth inside the grain. Moreover, 

grains in contact with high surface areas along the thickness lead to a more uniform strain 

distribution around the crack front as compared to small grains with different shapes and 

sizes, which results in a low CGSD (Figure 11(d)).  
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5. Conclusions 

In this study, the complex 3D microstructure and short crack were characterized and 

linked in detail by employing the X-ray micro-tomography and serial sectioning using 

EBSD analysis. Subsequently, the microstructural features contribution to the short crack 

growth behavior were ranked and coarsened by using global sensitivity and principal 

component analysis. Afterwards, by creating surrogate models, the relationship between 

the most contributing microstructural features and short crack growth behavior were 

further analyzed via support vector machines. 

It was clarified that short crack path and its growth rate are strongly affected by the 

interactions with neighboring grains. Short crack path on a basal plane in a facet-like 

path depends on the basal Schmid factor of the cracked grain and the neighboring grains 

enclosed in the cyclic plastic zone. However, those crystallographic and fracture paths 

do not necessarily induce a high average crack growth rate or variation. A high number 

of grains in contact with a long cracked grain in the loading direction imposes a constraint 

on the tensile stress that is necessary for damage and cracking, so it induces a decrease 

in the average crack growth rate. On the other hand, a low number of α grains (high α+β 

fraction) with a low Schmid factor in the cyclic plastic zone induce a uniform strain 

distribution that leads to low crack growth rate variation. 

As the short crack front becomes larger, there is a decrease in the interaction with a 

change in microstructural features controlling the short crack growth behavior. It was 

concluded that the high shear stress of the grains in the monotonic plastic zones leads to 

crack bifurcation and secondary cracks which induce a decrease in crack driving forces 

resulting in a decrease in average crack growth rate. On the other hand, those bifurcations 
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and secondary crackings induce a moderate interaction with the crystallographic features 

of neighboring grains.  

To summarize, a combination of different complex microstructural features control the 

shear and tensile stress fields resulting in short crack growth rate variation. The current 

approach can be applied to extract the predominant 3D complex microstructural features 

controlling the mechanical properties (e.g. localized deformation, crack behavior, etc.) 

in a wide range of polycrystalline alloys. The relationship between those features and 

mechanical behavior can be analyzed. Finally, the microstructural mechanisms that 

control the mechanical response can be revealed.  
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Figure 1. Procedure of 3D microstructural features and short crack reconstruction and 

linkage. The grains colors correspond to the inverse pole figure (IPF) map.  

 

 

 

 

 

 

 

 

(a)                                       (b) 

Figure 2. Histogram of the quantified data with the Gumbel density function fit, (a) 

disorientation of grains in contact with the cracked grain, and (b) short crack growth 

rate.  
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Figure 3. Matrix of 77 microstructural features (row) in 53 cracked grains (column) 

linked to their corresponding average crack growth rate (ACGR) along the crack front.  

 

  

 

 

 

 

 

 

(a)                                   (b)  

Figure 4. Three dimensional images projections on the xy plane, (a) short crack 

growing from 8700 to 10600 cycles in the first region to a longer length ranging from 

17000 to 18560 cycles in the second region (distance between each line corresponds to 

5 μm crack growth) [9]. (b) Three dimensional α grains projection on xy plane covering 

the 3D crack (grains colors correspond to the IPF map). 
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Figure 5. Correlation between the reconstructed cracked grain with its surrounding 

microstructure (α+β phase and α grains) and short crack growth behavior is 

investigated (grains colors correspond to the IPF map).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6. Principal component analysis (PCA) for all microstructural features 

corresponding to the 53 cracked grain and their 265 surrounding grains. 
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(b)                                    (c) 
 

Figure 7. (a) Correlation between three microstructural features having the highest 

Pearson correlation coefficients with short crack path on the basal plane and in a facet-

like fracture in the first and second regions. Short crack path is associated with (b) 

basal Schmid factor of grains crystallographic features in the cyclic plastic zone and 

those in contact in the first region as compared to (c) disorientation of grains in the 

monotonic plastic zone and those in contact for the longer short crack in the second 

region (grains colors correspond to the IPF map). 
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(a) 
 
 

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

 
(b)                                   (c) 
 

Figure 8. (a) Correlation between three microstructural features having the highest 

Pearson correlation coefficients with average crack growth rate (ACGR) and crack 

growth rate standard deviation (CGSD) in the first and second regions. (b) Average 

crack growth rate and its variation are associated with shape of the cracked grain, 

grains in contact in both regions. (c) As the short crack grows into the second region, 

the interaction with crystallpgraphic features extends from the cyclic plastic zone to the 

monotonic one (grains colors correspond to the IPF map). 



 

37 

 

 

 
  
 
  
   
 
 
 
 
 
 
 

(a)                                    (b)          
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(c)                                     (d)     
                                   

Figure 9. Three most contributing microstructural features leading to crack paths on 

basal planes for two short crack front regions. (a) Relationship between those features 

in the first region and (b) cracked grain A with high basal Schmid factor (BS) 

surrounded by grain B, C, and D in the cyclic plastic zone with low average and 

maximum basal Schmid factor (RBScp
Ave and RBScp

Max, respectively). (c) Relationship 

between features for the longer short crack in the second region, (d) cracked grain E 

with high basal Schmid (BS) factor surrounded by grain F with a high prismatic Schmid 

factor in the monotonic plastic zone (RPSmp
Max) and high average misorientation 

(DOic
Ave). 
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(a)                                           (b)         

   
 
   

    
 

 
 
 
 
 
  
 
 
 
 
 
  (c)                                         (d)       
                            

Figure 10. Contour projection of the 3D response surface curve for the two most 

contributing features to the average crack growth rate (ACGR). (a) Relationship 

between grain shape and surrounding grains distribution (F2 and nic, respectively) 

features with respect to ACGR in the first region. (b) Cracked grain G elongated in the 

loading direction (low F2) with many grains in contact with it (nic) has low ACGR. (c) 

Relationship between Schmid factor of grain and its surrounding grains (S and RSmp
Ave) 

with respect to ACGR for the longer short crack. (d) Cracked grain K with low Schmid 

factor (S) is surrounded by grains L, M, and O in the monotonic plastic zone with high 

average Schmid factor (RSmp
Ave) has low ACGR.  

 Grain features  Optimum features 
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(a)                                              (b)                                
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c)                                              (d)      
                                     

Figure 11. Contour projection of the 3D response surface curve for the two most 

contributing features to the crack growth rate standard deviation (CGSD). (a) 

Relationship between Schmid factors of grains in the cyclic plastic zone (RScp
Ave and 

RScp
Max) with respect to CGSD in the first region. (b) Cracked grain G is surrounded by 

grains H and I in the cyclic plastic zone with lower average and maximum Schmid 

factors (low RScp
Ave and RScp

Max, respectively) has low CGSD. (c) Relationship between 

grain shape and its size compared to surrounding grains with respect to CGSD (F1 and 

Aic
Max) for the longer short crack. (d) long cracked grain K along the thickness (low F1) 

with lower surface area than the largest grain P in contact (high Aic
Max) has low CGSD.  

 Grain features  Optimum features 
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Table 1. Description of geometrical and crystallographic features of grains. 
 

Category Features Description of the features 

Size of grain 

A 

V 

Area 

Volume 

Shape of grain 
 
 
 
 
 

 
 
 
 

Loading  
direction 

F1=ΔY /ΔX 

F2=ΔY /ΔZ 

F3=ΔX /ΔZ 

F4= 6√π(V/√A) 

MC 

F5= 48(V/M3) 

F6= 4π (S/M2) 

F7= 216 (V2/M3) 

F8= 288 (V/M3) 

F9= 16 (A/M2) 

SP 

F10= π (SP/216V) 

Length to thickness ratio 

Shape elongation in loading direction (YZ section) 

Shape elongation perpendicular to loading direction (XZ section) 

Shape deviation from a sphere 

Integral of mean curvature 

Volume to mean curvature of a non-spherical shape 

Surface to mean curvature of a non-spherical shape 

Shape deviation from a cube 

Volume to mean curvature of a non-cubical shape 

Surface to mean curvature of a non-cubical shape 

Shortest continuous path in a grain 

Elongation of grain considering the three dimension 

Crystallograph
-ic features of 

grain 
 

O 

S 

BS 

PS 

PyS 

Crystallographic orientation 

Apparent maximum Schmid factor 

Apparent basal Schmid factor  

Apparent prismatic Schmid factor  

Apparent pyramidal Schmid factor  
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Table 2. Microstructural features of surrounding grains as compared to the cracked grain. 

Category Cracked grain 
Features comparison of maximum (max.) and average (ave.) 

values of surrounding grains with the cracked grain 

  

 
 

 

 

 

  

 

 

 

Distribu  

-tion 
- 

nic = no. of grains in 

contact (ic) 

nmp and ncp = no. of 

grains in plastic 

zones (mp and cp*) 

ncf  = no. of grains at 

the crack front (cf) 

Size 

Volume   

 (V) 

RVic
Max= Vic

Max/V 

RVic
Ave = Vic

Ave/V 

RVmp
Max= Vmp

Max/V 

RVmp
Ave= Vmp

Ave/V 

RVcf
Max= Vcf

Max/V 

RVcf
Ave= Vcf

Ave/V 

Surface area  

 (A) 

RAic
Max= Aic

Max/A 

RAic
Ave= Aic

Ave/A 

RAmp
Max= Amp

Max/A 

RAmp
Ave= Amp

Ave/A 

RAcf
Max= Acf

Max/A 

RAcf
Ave= Acf

Ave/A 

Crystallo-

graphic 

Apparent Schmid 

factor** (S) 

RSic
Max= Sic

Max/S 

RSic
Ave= Sic

Ave/S 

RSmp
Max= Smp

Max/S 

RSmp
Ave = Smp

Ave/S 

RScf
Max= Scf

Max/S 

RScf
Ave = Scf

Ave/S 

Orientation 

(O) 

DOic
Max= Oic

Max-O 

DOic
Ave= Oic

Ave-O 

DOmp
Max=Omp

Max-O 

DOmp
Ave= Omp

Ave-O 

DOcf
Max= Ocf

Max-O 

DOcf
Ave= Ocf

Av-O 

*Features for the cyclic plastic zone size have “cp” subscript. 

**Basal, prismatic and pyramidal Schmid factors are indexed using “BS, PS, and PyS”, 

respectively.  

 

 

 


