
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Effects of 3D Microstructural Distribution on
Short Crack Growth Behavior in two Bimodal Ti-
6Al-4V Alloys

Hassanipour, M.
Department of Mechanical Engineering, Kyushu University

Watanabe, Satoshi
Department of Mechanical Engineering, Kyushu University

Hirayama, Kyosuke
Department of Mechanical Engineering, Kyushu University

Toda, Hiroyuki
Department of Mechanical Engineering, Kyushu University

他

https://hdl.handle.net/2324/4150459

出版情報：Materials Science and Engineering : A. 766, pp.138264-, 2019-10-24. Elsevier
バージョン：
権利関係：



 

1 

 

Title: 
Effects of 3D Microstructural Distribution on Short Crack Growth 
Behavior in two Bimodal Ti-6Al-4V Alloys 
 
Authors: 
M. Hassanipour a, S. Watanabe a, K. Hirayama a, H. Toda a, K. Uesugi b, A. Takeuchi b 

 

Affiliations: 
a Department of Mechanical Engineering, Kyushu University, 744, Motooka, Nishi 

Ward, Fukuoka, Fukuoka 819-0395, Japan 
b Japan Synchrotron Radiation Research Institute, 1-1-1, Kouto, Sayo Cho, Sayo Gun, 

Hyogo 679-5148, Japan 

 

Corresponding Author: 
M. Hassanipour 

Email: hassanipourm@mech.kyushu-u.ac.jp 

Phone: +81-92-802-3215 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

2 

 

Abstract 
In situ X-ray micro-tomography was performed to analyze the short crack growth in the microstructure (α, 

α+β phases and α/α+β interface) of two Ti-6Al-4V alloys. Short crack strongly interacts with the local 

microstructure and it grows into the predominant phase above the average microstructural fraction in each 

alloy. The increase in the volume fraction and size of the α grains results in a crack growth with lower 

variations and larger deflection lengths inside the clustered α grains. As the short crack grows, the larger 

plastic zones size in the high α-fraction alloy leads to the formation of secondary cracks and bifurcations 

that decrease the crack driving forces. Moreover, the larger deflections left behind the crack front induce 

higher crack closure and lower the crack driving forces. As a result, the short crack in the high α-phase 

fraction alloy remains sensitive to the local microstructural features at higher lengths.  

Key Words: Short crack propagation, Xray micro-tomography, Bimodal, Ti-6Al-4V, Microstructure 

1.Introduction 
The bimodal Ti-6Al-4V alloys, which are widely used to manufacture compressor disks and blades of jet-

engines, have the advantage to combine a good ductility and fatigue crack propagation resistance [1,2]. 

However, during the service load, small defects propagate with high crack growth rate variation due to the 

interaction with three dimensional (3D) microstructural features such as grain/phase shape, size, volume 

fraction in these alloys [3,4]. 

Previous studies have reported that a decrease in the average grain size (α and α+β) causes a decrease in 

the average short crack growth rate, which leads to a better fatigue life in titanium alloys [5–7]. There is an 

agreement that a decrease in grain size leads to an increase in grain boundaries that are microstructural 

barriers impeding the crack growth [8,9]. However, as the short crack grows from the grain boundary to the 

next grain/phase, there may be a change in crack path (deflection) due to a change in microstructural 

features of the subsequent grain/phase [10,11]. These deflections are left in the crack wake creating a rough 

surface that results in a decrease in the crack driving forces and growth rate [12,13]. It has been shown that 

an increase in grain size leads to larger deflections with lower crack growth rates [14,15].  

In alloys with high α-phase volume fraction, cluster of α grains favorably oriented for short crack growth 

on the basal plane leads to facet-like fracture path with high rates [16–18]. By decreasing the α-phase 

fraction, there is a lower probability to have cluster of the aforementioned grains which may result in low 

crack growth rates and a better fatigue life [19–21]. Nevertheless, the short crack growth rate and its 

variation are controlled by the local distribution of various microstructural features around the crack path 

[22,23]. 

As the short crack length increases, there is an increase in crack tip plastic zones and its driving forces, so 

the crack becomes less sensitive to the variation of local features [24]. As a result, the crack has higher 

crack growth rate with lower variation and it is so-called long with respect to the microstructure [25]. It has 

been reported that the transition from short to long crack corresponds to a crack length that is 5 to 10 times 
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larger than a microstructural element, which is conventionally considered to be the mean grain size [26]. 

However, there is not a clear demarcation, since this transition depends on various microstructural features 

and loading conditions [27,28]. It can be said that the transition from short to long crack is affected by the 

local microstructural features interacting with the growing crack. 

In this study, the crack propagation in the microstructure (α, α+β phases, and interface) at sub-grain level 

growth (5 μm) is investigated at increasing number of fatigue cycles in low and high α-phase volume 

fraction Ti-6Al-4V alloys. Moreover, the short crack length is analyzed at two different lengths in order to 

estimate the change in the interaction between the 3D crack and microstructure. This transitional interaction 

and its effect on the 3D crack growth rate variations are studied in both alloys. 

 

2. Material and experimental procedures 
In this study, heat treatment was performed on two Ti-6Al-4V alloys. The first alloy was solution heat 

treated at 940°C for 2 hours followed by water quenching; afterwards, it was tempered at 705°C for 2 hours 

followed by air cooling. The second alloy was hot rolled at 800°C resulting in a 50% overall thickness 

reduction. Afterwards, it was tempered up to 900°C during 96 hours in the furnace and cooled down to the 

room temperature.  

At the end of heat treatment, the first alloy was composed of 40% hexagonal close-packed (hcp) primary 

α phase and 60% of α+β phase consisting of acicular secondary α phase within the body center cubic (bcc) 

β phase. The volume fractions of phases in the second alloy were 65% and 35%, respectively. The first and 

second bimodal alloys will be called hereafter microstructure B1 and B2, respectively. The average grain 

size of α grains in both alloys were measured by using the electron backscattering analysis (EBSD). The 

average grain size was equal to 13 and 23 μm in microstructure B1 and B2, respectively. The L, T, and S in 

Figure 1 correspond to longitudinal, transverse and short transverse directions, respectively in the low α-

fraction alloy. The ND, TD, and RD correspond to normal, transverse and rolling directions, respectively 

in the high α-fraction alloy. In the following sections L, T, and S followed by ND, TD, and RD are referred 

as x, y, z. 
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Figure 1. Revealed microstructure of the two bimodal Ti-6Al-4V, a) microstructure B1 and, b) 

macrostructure B2.  

Tensile test showed that yield stresses were equal to 996 and 814 MPa, respectively, in the low and high 

α-fraction alloys. The ultimate tensile strengths were equal to 1158 and 934 MPa, respectively. Fatigue tests 

were performed at R = 0.1 with a frequency of 15 Hz on specimens with a square cross section of 600×600 

μm for both alloys. Load directions was along the z axis for both microstructures. In order to be able to 

follow a main crack in the specimen, a notch with dimensions of 60×20×4 μm (x, y, z, respectively) was 

made prior to the fatigue tests on the surface of the specimens using a focused ion beam. The preliminary 

fatigue test showed that a maximum stress of 778 MPa results in average fatigue life of 26000 and 30000 

cycles in specimens with the low and high α-fraction alloys, respectively. Those fatigue lives correspond to 

the low cycle fatigue regime for both specimens. As a result, the fatigue tests were conducted with the 

aforementioned load conditions.  

While in situ computed tomography (CT) at the BL20XU beamline of SPring-8 was employed to scan the 

growing crack inside the alloy. The monochromatic X-ray energy of 30keV was produced by a liquid 

nitrogen-cooled Si (111) double crystal monochromator. A CMOS camera was used for acquiring the 

projection images.  

The sample distance to source were 80 and 240 m for the high and low α-fraction alloys, respectively. The 

specimens distance from the camera were set to 53, 150, and 250 mm in order to obtain phase contrast 

images that render the highest contrast between the α and α+β phases [29]. The distances equal to 53 and 

150 mm rendered the best contrast between phases for the high and low α-fraction alloys, respectively. 

During 180 degrees of stage rotation with 0.1 degree step, 1800 scans were conducted with an exposure 

time of 400 ms and the voxel size was equal to 0.5 μm, details can be found in [27]. The crack was 

periodically scanned for every 5μm of crack growth projection on the detector. This scanning was 

performed from 107 to 159 μm and from 105 to 156 μm (first region) for the low and high α-fraction alloys, 

respectively. For a larger crack front in a second region, the crack was scanned from 300 to 354 μm and 

from 292 to 342 μm, respectively. The scanning in two regions enabled us to investigate the transitional 

behavior from short to long crack for both alloy within similar ranges.  
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Gray value thresholding combined with the seed growth technique [30] were employed for all cycles in 

order to extract the 3D crack using the absorption images (Figures 2(a)) [27]. The crack growth rates were 

calculated by using the coordinates of two subsequent cycles. The applied procedure led to 5% of negative 

crack growth rate for each two subsequent cycles.  

The absorption images were converted to phase contrast images using a phase retrieval technique [31], 

which led to an increase in the difference between the average gray values of α and α+β phases (Figure 

2(b)). By defining a threshold between the average gray values of α and β, the phase contrast slice images 

were binarized (Figures 2 (c)), so α and α+β phase were defined by white and black voxels, respectively.  

The crack tip was identified in the absorption slice image (Figures 2 (d)). Afterwards, a region of 1.5×

1.5×1.5 μm (twenty seven voxels) was defined around the crack tip in order to determine its location in 

the microstructure (Figures 2(e) and (f)). A location with twenty seven white voxels shows that the crack 

tip is in the α phase and a location with twenty seven black voxels indicates that the crack tip is in the α+β 

phase. An intermediate value implies that the crack tip is located in the interface.  

The average crack front fraction in the microstructure was calculated by averaging the crack tip locations 

in the α, α+β, and interface for 5 semi-elliptical crack front inside both alloys. A homogeneous semi-

elliptical crack implies that crack growth has no interaction with the microstructure and it grows in the α, 

α+β, and interface with respect to the average microstructural fraction. At different crack lengths, crack 

front fraction in the microstructure was compared to the average microstructural fraction in order to evaluate 

the amount of crack front interaction with the microstructure. This procedure was employed to estimate the 

transition from short to long cracks in both alloys. 

The cracked specimens were polished by serial sectioning in order to conduct the EBSD analysis around 

the crack path. The specimens were embedded in a resin and polished using 1200 and 4000 grit silicon 

carbide paper. Four microindenation were made in the specimen in order to ensure the uniform removal of 

the surface. This procedure was repeated untill the crack section is 30 μm away from the notch. Then, the 

surface was further polished with diamond and silica particles down to 50 nm for 3 hours. In order to 

investigate the effect crystallographic orientation of the grains on the short crack, the EBSD analysis was 

carried out around the crack path with 0.2 μm step size. Afterwards, the crack surfaces were etched with a 

reagent consisting of 70% H2O, 20% HF, and 10% HNO3 in order to reveal the microstructure. 
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(a)                            (b)                            (c) 

 

 

 

 

(d)                             (e)                            (f) 

Figure 2. Procedure in order to determine the crack tip in the microstructure (α, α+β phases and α/α+β 

interface). (a) Three dimensional rendering of crack and microstructure via absorption images, (b) view of 

3D microstructure by using phase contrast images with its binarized version in (c). (d) Cross sectional 

slice image of (a) to determine crack tip and its corresponding location in the microstructure in (e) and (f).  

 

 3. Results 
3.1 Crack morphology  

 

The three dimensional crack front projection images on xy, xz, and yz planes for microstructures B1 and 

B2 are shown in Figures 3. Within each region, there is a total of 10 interrupted cycles (crack front lines in 

Figures 3(a) and (b)) which results in 50 μm crack front growth projection on the detector (xz planes). 

However, it required 5000 cycles in the microstructure B1 to reach 50 μm as compared to 1900 cycles in 

the microstructure B2. As it can be seen from Figure 3(a), this is due to the larger crack growth inside the 

microstructure B1 as compared to the microstructure B2. This may be due to a variation in the plastic zone 

size along the crack front in the microstructure as reported [32].  

In order to estimate the plastic zone variation along the crack front it is assumed that small scale yielding 

prevails. The crack dimensions, such as crack length on the surface (2c) and crack depth (a), are estimated 

for a semi-elliptical crack front in a similar approach to [34,35]. By using those dimensions, the stress 

intensity factor along the crack front is estimated by using the equation for semi-elliptical cracks reported 

in [33]. Afterwards, the plastic zone can be estimated by the following equation: 

RP = 1/T× (Kmax/Sm)2 , 

where RP is the monotonic plastic zone size, T is a constant that depends on stress state along the crack 

front, Kmax is the maximum stress intensity and the Sm is the average sum of the yield stress and ultimate 

tensile strength. The estimated plastic zone sizes on the surface of the microstructure B1 is 29 μm; however, 
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this value decreases to 16.9 μm in the center of crack front at point A1 in Figure 3(a). On the other hand, in 

the microstructure B2, the estimated plastic zone slightly decreases from 23.1 μm on the surface to 21.9 μm 

at the center of crack front at point A2 in Figure 3(b). As a result, the smaller plastic zone size inside the 

microstructure B1 induces a higher triaxial stress state and tensile stress inside the microstructure. This may 

lead to higher crack opening and crack growth rate inside the quasi-straight crack in the microstructure B1.   

As the short crack front becomes larger to reach the beginning of the second region, 10 interrupted cycles 

results in 50 μm crack front growth. This crack growth required 940 cycles in the microstructure B1 as 

compared to the 1560 cycles in the microstructure B2. By comparing the number of elapsed cycles for 

similar crack growth in the first and second regions in the microstructure B1 (5000 cycles versus 940 cycles), 

it can be said that there is a high increase in crack growth rates. On the other hand, there is only a slight 

increase in the crack growth rates in the microstructure B2.  

The short crack fronts in both alloys have an inhomogeneous shape at the beginning of the first region. 

However, at the end of the first region, the crack front in the microstructure B1 reaches a quasi-homogenous 

shape as opposed to the crack front in the microstructure B2. This implies that the crack front has still a 

strong interaction with the microstructure in the microstructure B2.  

As the short crack becomes larger in the second region, the crack in the microstructure B1 remains quasi-

homogeneous, but the crack in the microstructure B2 still interacts with the microstructure at some locations. 

The short crack consists of quasi-straight paths in the microstructure B1 (Figures 3(c) and (e)) as compared 

to crack complex paths with bifurcations and secondary cracks (Figures 3(d) and (f)) in the microstructure 

B2. 
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(a)                                        (b) 

 

  

 

 

 

 

(c)                                          (d) 

 

 

 

 

 

 (e)                                          (f) 

Figure 3. Three dimensional crack projection images on xy plane with each line corresponding to an 

interrupted load cycle in the the first and second regions for (a) microstructure B1 and, (b) B2 [27]. Crack 

front projection on xz and yz planes, respectively, in (c) and (e) for the microstructure B1 followed by (d) 

and (f) for the microstructure B2.  

 

3.2 Quantification of short crack growth rate on the surface and in the bulk 

 

The average short crack growth rates on the surface and inside both microstructures are compared in 

Figures 4. It can be seen that the short crack growth rates on the surface have higher variation as compared 

in the bulk (inside the alloys) for both regions. This may be due to the three dimensional constraint imposed 

by the surrounding grains to the cracked grains in the bulk. In the first region, the crack growth rates in the 

bulk are higher than those on the surface in the microstructure B1 (Figure 4(a)), while they are by average 
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similar in the microstructure B2 (Figure 4(b)). As the short crack becomes larger in the second region, the 

crack growth rate in the bulk becomes gradually much higher for the microstructure B1 as compared to the 

microstructure B2. However, the average short crack growth rates on the surface are similar in both 

microstructures.  

  

 

 

 

 

 

 

 

 

 

(a)                                            (b) 

Figure 4. Comparison of average crack growth rate on the surface and in the bulk for the (a) 

microstructure B1, and (b) microstructure B2.  

 

The spatial crack growth rate in the α, α+β phases, and interface (α, α+β) along the crack front line in both 

microstructures are shown in Figures 5. The crack growth rates for both microstructures were normalized 

with the maximum crack growth rates in the first and second regions corresponding to 78.3 and 261, 

respectively. The crack growth rates in the microstructure are shown with respect to the distance along the 

crack front line, which is the sum of crack segments along the crack front from the right the side of the 

notch until the left side on the surface.  

Short crack growth rate has high variation along the crack front in both microstructures as shown in 

Figures 5. The short crack is growing with higher rates and variations in the microstructure B1 as compared 

to B2 (Figure 5(a) versus Figure 5(b)). Crack paths in both alloys consist of facet-like paths (mainly induced 

in α phase) and zigzag paths (mainly induced in α+β phase).  

As the short crack grows into the second region, there is a high increase in crack growth rates in the α, 

α+β phases, and interface in the microstructure B1 (Figure 5(c) versus Figure 5(a), considering the 

normalized values). On the other hand, there is a slight increase in short crack growth rates in the 

microstructure B2 (Figure 5(d) versus Figure 5(b)). Nonetheless, crack growth rates increase in α phase at 

some locations along the crack front line. 
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(a)                                             (b) 

 

 

 

 

 

 

 

 

 

 

  (c)                                           (d) 

Figure 5. Spatial crack growth rate variation in the microstructure (α, α+β phases and α/α+β interface) at a 

representative load cycle in the first region for (a) microstructure B1, and (b) microstructure B2 followed 

by a load cycle in the second region for (c) microstructure B1, and (d) microstructure B2. Crack growth 

rates were normalized with 78.3 and 261, which are the maximum crack growth rates in the first and 

second regions, respectively. 
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4. Discussion 
4.1 Short crack path analysis 

 

It is presumed that a homogenous semi-elliptical crack front grows without any microstructural preference 

with an average fractional value in each phase. The crack front interaction with the microstructure induces 

an inhomogeneous crack growth which is compared to the average fraction. Figures 6 show the crack front 

percentage in α, α+β phases, and interface for each load cycle in two crack front regions.  

It can be inferred from Figures 6(a) that the crack prefers to grow above the average microstructural 

fraction in α+β phase in the microstructure B1. As the α phase fraction and the average α grain size increase, 

short crack grows in the predominant α phase above the average microstructural fraction (Figure 6(b)). This 

shows that the crack prefers to grow inside the predominant phase in both microstructures rather growing 

in the other phase and interface. The high variation in crack growth in microstructure B1 induces higher 

variation in the interface as opposed to microstructure B2 (Figure 6(c)). At the end of first region, where 

the average crack length is 10 times larger than the average grain size in the microstructure B1, short crack 

grows towards the average microstructural fraction (especially in the predominant α+β phase), so it 

becomes less sensitive to the microstructure. On the other hand, in the microstructure B2 with a crack length 

that is 4.3 times larger than the grain size, the short crack grows above the average fraction in α phase, so 

it maintains the interaction with the microstructure. 

As the short crack front becomes larger in the second region (within 300 to 330 μm), it grows in α and 

α+β phases close to the average microstructural fraction in the microstructure B1, which ensures that crack 

is less sensitive to the microstructure. On the other hand, in the microstructure B2, crack front in α and α+β 

phases is below and above the average microstructural fractions, respectively. Thus, as the average crack 

length grows from 13 to 14.3 times larger than the average grain size, the crack is still sensitive to the 

microstructure. The crack front percentages in interface are above the average microstructural fraction in 

both alloys in the second region. 
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(a) (b)  

(b)  

 

 

 

 

 

 

 

 

 

 

                    (c) 

Figure 6. Average crack front percentage in (a) α+β, and (b) α phases and (c) interface with respect to the 

average crack length in microstructures B1 and B2.  

 

Short crack growth inside the α and α+β phases in the microstructure B1 has higher variations as compared 

to the quasi-stable growth in the microstructure B2. As the short crack enters the grain/phase, it may deflect 

by an angle in order to follow the planes with the highest shear stress until it reaches the next grain/phase. 

Crack grows in α+β grains through successive α and β laths, with different crystallographic orientations 

that is of an order of 1 μm, with short deflection lengths. Regarding the crack growth in α grains, cracking 

mainly occurs in facet-like paths on the basal plane. 

Short crack path in the microstructure B1 with predominant α+β phase and smaller α grains has higher 

variation in crystallographic orientations along the crack path that can be seen in Figure 7(a). This induces 

short deflections length that results in a quasi-planar crack surface. On the other hand, crack grows in 

continuous facet-like paths (large deflection lengths) that can be an average order of α grain size that is 23 

μm (see Figure 7(b)) in the microstructure B2 with predominant fraction of α grains. As a result for the 
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same crack distance there is a lower variation in the crystallographic orientations in the microstructure that 

may cause the stable growth in the microstructure B2.   

As the short crack length increases in the second region, the plasticity and crack driving forces at the crack 

tip gradually increase in both alloys. The estimated plastic zones in the center of the crack front are 32.6 

and 49.6 μm in the microstructure B1 and B2, respectively. Thus, the larger plastic zone in the 

microstructure B2 leads to the formation of secondary cracks and bifurcations which cause a decrease in 

crack driving forces (Figure 7(b)). Moreover, the higher surface roughness can lead to premature crack 

contacts in the microstructure B2. These mechanisms induce a decrease in crack front driving forces so the 

short crack remains sensitive to the microstructure at higher lengths.  

 

 

 

 

  

 

 

 

 

 

 

(a)                                         (b) 

 

Figure 7. Schematic of short crack path in both microstructures. (a) Short crack with short deflection 

lengths in microstructure B1, as opposed to (b) with large deflection lengths in the microstructure B2.  

 

4.2 Short crack growth rate in the phases and interface 

The average crack growth rate in the microstructure for both microstructures are shown in Figures 8. The 

short crack growth rates in α phase are similar for both microstructures at lower crack length in the first 

region. It can be said that an increase in the fraction and size of the α grains may cause a lower crack growth 

rate variation in the microstructure B2 in but it does not lead to higher crack growth rate (Figure 8(a)). This 

lower variation may be due to the crack growth inside the larger α grains as compared to the microstructure 

B1. On the other hand, short crack growth rate in the α+β phase have similar variations in both alloys but 

there is a gradual increase in the crack growth rate in the microstructure B1 (Figure 8(b)). At the end of the 

first region (from 120 μm to 130 μm), there is a decrease in crack growth rate variation in the microstructure 

B1, which implies that the effect of local microstructural features are decaying in this alloy. 

In the second region, the short deflection lengths left in the crack path induces a lower roughness in the 
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microstructure B1. It is reported that a low crack roughness leads to a low crack closure level which causes 

a high crack growth rate [12,36]. As a result, the lower crack roughness in the microstructure B1 leads to 

higher crack growth rates in α, α+β phases, and interface as compared to the microstructure B2.  

The short crack growth rate in the interface has the highest variation in both microstructures (Figure 8(c)). 

This may be due to the variation across the boundaries between α and α+β phase in both microstructures. 

At higher crack length, those variations gradually decrease. 

 

 

 

 

 

 

 

 

 

 

(a)                                             (b )   

                

 

 

 

 

 

 

 

 

 

 (c) 

Figure 8. Average crack growth rate with respect to the average crack length in (a) α, (b) α+β phases, and 

(c) interface for the microstructure B1 and B2. 

 

4. Conclusions 

In summary, in situ computed X-ray microtomography was performed during a low cycle fatigue test to 

quantify crack growth behavior at every 5 μm in two bimodal Ti-6Al-4V microstructure (i.e. α, α+β phases 

and interface). The combination of X-ray microtomography with the phase retrieval technique aids to 

enhance the contrast between the α and α+β phases in the microstructure. By using the aforementioned 
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method, the crack front percentage and crack growth rate were quantified inside each phase and along the 

interface. The comparison between the crack front fraction inside the microstructure as compared to the 

average microstructural fraction were used to estimate the amount of crack interaction with the 

microstructure. The two bimodal Ti-6Al-4V with predominant α+β and α phase volume fraction were 

referred to as microstructure B1 and B2. 

The short crack growth rate has higher variation on the surface than in the bulk for both microstructures. 

This may be due to the three dimensional constraint imposed by the surrounding grains in the bulk as 

compared to the surface. In the microstructure B1, crack grows with higher rates inside the microstructure 

as compared to the surface that may be due to the higher stress triaxiality inside this microstructure.  

Short crack grows inside the predominant phase above the average microstructural fraction in each 

microstructure. The short crack has lower variations in growth and in growth rate inside the microstructure 

B2. This may due to the higher fraction of α phase with larger α grains size that results in lower variation 

in crystallographic orientation of grains in the microstructure B1.  

As the short crack becomes larger, it grows close to the average microstructural fraction in the 

microstructure B1, but it is still below the average fraction and it remains sensitive to the microstructure in 

the microstructure B2. The larger plastic zones size in the microstructure B2 alloy leads to the formation of 

secondary cracks and bifurcations that decrease the crack tip driving forces. Moreover, the higher surface 

roughness left behind the crack front induces a higher crack closure level leading to a reduction in crack tip 

driving forces. As a result, the short crack remains sensitive to the microstructure at higher crack lengths 

and larger crack fronts. In addition, the decrease in crack tip driving forces leads to lower crack growth 

rates in α, α+β phases and interface in the microstructure B2. 
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