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Abstract 

Physically short fatigue crack growth behavior in the heat-affected zone of a Ni–Cr–

Mo–V steel welded joint was investigated in-situ in SEM to reveal effects of crack 

closure and tortuous crack growth path on crack-tip straining behavior with the help of 

high resolution digital image correlation technique. The crack growth path and 

associated fatigue damage at microstructural scale was characterized by electron 

backscatter diffraction and electron channeling contrast imaging techniques. Results 

showed that the short crack growth was influenced by both local microstructure and 

global strength gradient. The short crack could deflect intergranularly when meeting 

with one large grain due to misfit deformation and strain localization. The crack closure, 

which was accompanied during loading and unloading in terms of crack surface contact, 

shielded the real crack-tip and manifested itself well in both compressive strain at crack 

wake and strain development at crack-tip. It is indicated that strain localization at lathy 

boundaries and formation of sub-grains was responsible for the fatigue of short cracks. 
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1. Introduction 

The growth of short crack under cyclic loading, as the most life-consuming stage in 

total fatigue life of engineering materials and structures, has been widely investigated 

since the 1980s [1]. It is generally believed that short fatigue cracks are more 

susceptible to local microstructures [2], grain boundaries [3], orientation of grains [4], 

and crack closure [5]. The growth of short cracks is more often coupled with material 

damage and localized plasticity, while the traditional linear elastic fracture mechanics 

is not a proper tool for characterizing the propagation behavior [5,6]. The situation 

becomes more complex when a short crack initiates from welded defects such as 

porosity and lack of penetration [7,8], and grows within a narrow heat-affected zone 

(HAZ) of a welded joint. The understanding of cracking behavior within the HAZ of 

welded joint is critical in structural integrity assessment [8,9], and both the influences 

of local microstructures [10] and strength gradient [11] in HAZ need to be considered. 

The distribution of strains at crack-tip seems to be the key to understanding fatigue 

cracking process [[12], [13], [14]]. Digital Image Correlation (DIC) technique has been 

widely used to track the strain maps during the specimen loading [15,16]. It has been 

utilized for strain field characterization of both static [17,18] and growing fatigue cracks 

[19,20], and the influence of overload [21,22]. The finding of ratchetting at crack-tip 

by Zhu et al. [19] and Carroll et al. [23] provides the basis on how fatigue crack grows, 

and is helpful to develop the criterion of fatigue cracking in terms of strain [19,24]. 

Based on in-situ loading and crack growth path characterization, Zhu et al. [25] reported 

the development of crack closure during the growth of short cracks, while the influence 
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of crack closure on crack-tip straining has not fully been illustrated up to now, although 

the effective stress intensity approach has long been developed in 1970s by Elber [26]. 

In addition, current investigations of strain characterization focus mainly on ideal and 

stable growing cracks rather than the growing crack with a tortuous path when 

encountering barriers or is driven by additional strength gradient. The strain approach 

to driving force of micro-cracking and short crack growth would be more convincing if 

the mode of fatigue crack growth had been taken into account. 

It is known that characterization of strain localization and associated fatigue damage 

at microstructural scale is beneficial to understand variations of fatigue crack growth 

rate and crack path. Carroll et al. [23] reported the strain was localized at slip bands 

within grains and on twin and grain boundaries by linking the strain measurements with 

electron backscatter diffraction (EBSD). It seems the technique of electron channeling 

contrast imaging (ECCI) [27,28] is helpful to provide information on grain size of 

polycrystalline materials, local crystal distortions, and dislocations with a larger area of 

view based on the contrast resulted from the channeling effect. This technique, when 

combined with EBSD [29,30], would present a full view of local microstructural 

damage under cyclic loadings, and thus underpin a mechanistic understanding of short 

crack growth behavior. 

Therefore, in the present work, the short crack growth and its microstructure 

influences in the narrow HAZ were characterized based on in-situ SEM and DIC 

techniques. The governing factors for the growing short crack and associated crack 

closure effect on near-tip straining were assessed based on the strain approach, while 
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microstructural damage accompanying crack extension was also highlighted. 

2. Materials and experimental methods 

2.1 Materials 

The materials employed in this investigation were welded joint of NiCrMoV rotor steel, 

which was welded by submerged arc welding technique. The current research is focused 

on the HAZ of the welds. The chemical composition of base metal in wt.% includes Ni 

3.56, Cr 1.71, Mo 0.38, Mn 0.29, V 0.09, C 0.25, and Fe is the balance. The welds were 

undergone a post weld heat treatment as well as an artificial thermal ageing at 350 °C 

for 3000 h. The HAZ can be divided into three subzones, i.e., fully quenched-tempered 

zone (FQTZ), partially quenched-tempered zone (PQTZ) and tempered zone (TZ) 

[25,[31], [32], [33]]. As shown in Fig. 1, the microstructures in the FQTZ mainly 

include tempered martensites and bainites, with many fine precipitates both in and 

around the boundaries of lathy martensites (Fig. 1a and b). The prior austenite grain 

size in the FQTZ is around 60 μm. The microstructures illustrated by transmission 

electron microscope (TEM) in Fig. 1 (c) indicate dislocations as well as precipitates. 

The microstructures have been reported in an independent paper in Chinese [34]. A full 

coverage of microstructure variations before and after the aging process has been 

reported in our previous work [25], and was correlated with tensile behavior based on 

miniature sample testing. Another previous work on observation and modeling of short 

crack closure was reported in Ref. [25], where the crack closure level at the crack wake 

was measured based on imaging analysis. 



- 6 - 

2.2 In situ fatigue crack growth tests 

Fig. 2 shows the shape and dimensions of specimens for in-situ fatigue crack growth 

tests. The single edge notch tension (SENT) miniature specimen with a short crack 

length of approximately 0.5 mm and a thickness of 0.5 mm, was cut from a larger three-

point single edge notch bending (SENB) specimen with an initial notch at the FQTZ 

(with a yield strength σy of 646 MPa). The SENB specimen, with a thickness of 8 mm, 

a width of 16 mm, an initial notch length of 1.7 mm, and a distance to the fusion line of 

0.19 mm, was pre-cracked under cyclic loadings (load ratio of 0.1) on high frequency 

testing machine under a frequency around 90 Hz [25]. The stress intensity factor (SIF) 

range, ΔK, during the pre-cracking process was increased from 11.9 MPa m1/2 to 

12.4 MPa m1/2 for a first fatigue crack extension of 0.5 mm, followed by another 5% 

load decrease for another 0.5 mm extension, the final ΔK after pre-cracking was 

17.85 MPa m1/2. In total, the pre-crack length was 1 mm. The SIF is calculated based 

on Eqs. (1), (2), (3) according to ISO 12108. After pre-cracking, the cyclic plastic zone 

size at crack-tip of the SENB specimen was estimated as 20 μm, according to Irwin's 

model under plane strain state, rc=(1/12π)⋅(ΔK/σy)
2. It is expected that the in-situ 

fatigue test with very thin specimen will be less influenced by pre-cracking as residual 

stresses have been relaxed during machining process. 

𝐾 =
𝐹

𝐵𝑊0.5 𝑔 (
𝑎

𝑊
) (1) 

where the α is defined as the ratio of a to W. The g(a/W) of SENB and SENT specimens 

are calculated by Eqs. (2), (3). 

𝑔 (
𝑎

𝑊
) =

6𝛼0.5

[(1−2𝛼)(1−𝛼)1.5]
[1.99 − 𝛼(1 − 𝛼)(2.15 − 3.93𝛼 + 2.7𝛼2)] (2) 
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The g(a/W) of SENT specimen is calculated by 

𝑔 (
𝑎

𝑊
) = (1 − 𝛼)−1.5(1.9878𝛼0.5 − 2.9726𝛼1.5 + 6.9503𝛼2.5 − 14.4476𝛼3.5 +

10.0548𝛼4.5 + 3.4047𝛼5.5 − 8.7143𝛼6.5 + 3.7417𝛼7.5) (3) 

The thickness of the SENT specimen is less than 2.5(Kmax/σy)
2, where the Kmax is the 

maximum SIF, indicating a plane stress dominant state throughout the crack growth 

process. This also implies the insignificant effect of pre-cracking on fatigue crack 

growth using the miniature samples. To assure the pre-crack in the regime of physically 

short crack, the cyclic plastic zone size is approximately limited to one-tenth of the 

crack length according to Irwin's model [4,35,36] under plane stress condition, rc=(1/4π)

⋅ (ΔK/σy)
2. The linear elastic fracture mechanics (LEFM) was thus employed to 

calculate ΔK of the physically short crack growth. 

Prior to fatigue test, all specimens were polished and etched before being mounted onto 

the in-situ loading stage equipped in SEM. The loading stage (Deben Co. Ltd, UK) had 

a capacity of 2 kN and was working under displacement control mode. Cyclic loading 

at a load ratio of 0.1 in triangular waveform was exerted on the miniature specimen 

with a frequency of 0.06 Hz, under a high vacuum environment at room temperature. 

The crack-tip area was real-time monitored and tests were interrupted for taking high 

resolution images. Two specimens were tested, with one of them having short crack 

extension while the other one having longer extension and tortuous advancing path, 

indicating strong local microstructure influences. Crack closure behavior was 

investigated by analyzing a series of images within a full loading cycle. 
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2.3 Digital image correlation 

The DIC technique was used to obtain full field displacement and strain distribution by 

comparing two images with different deformation. The in-plane strain was analyzed by 

commercial DIC software (VIC-2D 2009, Correlated Solutions, USA) with intrinsic 

microstructures as speckle pattern. According to the algorithm, the full field strain 

distribution near crack-tip was measured by choosing one reference image and several 

deformed images, with suitable interpolation. The subset size and step size are 

important parameters during the correlation, which needs careful error analysis as 

reported in Ref. [37]. In this work, the images with size of 1024 × 768 pixels, and thus 

a pixel size (resolution) of 54 nm/pixel was achieved. The subset size and step size were 

chosen as 21 pixels and 5 pixels, respectively, which has sufficient resolution for near-

tip strain measurement [37]. 

2.4 Fatigue damage characterization 

After the fatigue test, the microstructures around the crack-tip and along crack path 

were observed by EBSD and ECCI techniques. The specimens were mechanically 

polished using colloidal silica for 30 min. ECCI and EBSD observations were 

performed using a backscattered electron (BSE) detector mounted on a SEM (TESCAN 

MIRA3, Czech Republic). The EBSD measurement was carried out at a step size of 

0.2 μm and a voltage of 20 kV while ECCI observation was performed at 10 kV. 

3. Results 

3.1 Short crack growth behavior 

Fig. 3 presents the a-N relationship and da/dN-ΔK relationship of the growth behavior 

of physically short cracks in the two miniature specimens, as reported in the Chinese 

paper [34]. Note the x-axis is in logarithmic scale. The specimen No.1 has a short 

growth length of 32.7 μm while crack in specimen No.2 grows for about 98 μm, and the 
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specimen No.1 was tested at a higher stress level [25]. The a-N data points tend to 

merge with each other, indicating good repeatability of the in-situ fatigue tests. 

Nevertheless, the crack growth data show a fluctuating pattern, which is related to a 

short extension between two data points due to interruption of crack growth test for 

taking images. The fluctuation of da/dN also implies the strong influence of local 

microstructures. The da/dN is in the range of 1 × 10−5 mm/cycle and 7 × 10−5 mm/cycle. 

It is interesting to find that the da/dN of specimen No.2 decreases firstly and finally 

tends to merge with the data of specimen No.1 when ΔK is higher than 18.5 MPa m1/2. 

Meanwhile, the specimen No.2 undergoes more serious fluctuations than specimen 

No.1, indicating a stress level dependence, i.e., higher stress level with lower 

fluctuations, which seems to be consistent with the results by McDowell and Bennett 

[38], and Lopez-Crespo et al. [39]. 

3.2 Crack growth morphologies 

The morphologies of short crack growth path of specimen No.1 at maximum load, 

Pmax, are illustrated in Fig. 4. The short crack has a total growth length of 24.2 μm 

within 611 cycles. The growing fatigue crack has to overcome densely distributed local 

lathy martensites, a process which results in local tortuous advancing of fatigue crack. 

It is also observed that the growing main crack has a tendency to deflect downward due 

to the gradient strength distribution in the HAZ. Note the hardness and strength in HAZ 

decline gradually from the fusion line to the base material [32,40]. It appears that the 

short crack growth behavior within the FQTZ is affected by local microstructures as 

well as the globe strength gradient. 
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Fig. 5 shows the crack growth path in specimen No.2. It is observed that the crack 

deflects at first when meeting a large grain (Fig. 5a–c) and then grows intergranularly 

after deviating towards the main crack growth direction (Fig. 5d and e). This implies a 

strong influence of local microstructures on short crack growth. Meanwhile, the growth 

rate of crack slows down at this stage, which indicates that the short fatigue crack can 

choose a favorable way to extend, and the growth direction is vulnerable to local 

obstacles, i.e., a large grain in front of crack-tip. Note that the crack growth length is 

calculated along the central plane of the loading. The cracking mechanisms and 

associated near-tip strain evolution will be discussed later. 

3.3 Observation of crack closure in a full cycle 

During the measurement of crack closure, a few more cycles were conducted manually 

to identify where the crack was fully closed, and thus to identify the stress level 

corresponding to crack closure. In a full loading cycle, SEM images with high 

magnification were taken at selected load levels in the range from Pmin to Pmax with the 

ratio of P/Pmax increasing (or decreasing) at an increment (or decrement) of 0.1. Fig. 6 

shows the morphologies of crack growth path in the full loading-unloading cycle at a 

ΔK of 19.45 MPa m1/2. It is observed that during the loading part, there is at least a 

length of 9 μm behind the crack-tip is not open when the current load level is as high as 

40% of Pmax, P/Pmax = 0.4. This agrees well with the closure behavior observed in the 

unloading part in Fig. 6e. Similarly, a crack length of 14 μm behind the crack-tip is not 

open or closed during the loading and unloading process at P/Pmax = 0.2. For the closed 

crack, the fracture surfaces have direct contact with each other. Any implications of 
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crack wake contact in the strain evolution at crack-tip will be discussed later. 

4. Discussion 

4.1 Full field strain and plastic zone for stable crack growth  

Fig. 7 shows the evolution of crack-tip strain and variation of size and shape of plastic 

zone during the short crack extension period. Such kind of crack growth is relatively 

stable as the crack path is not as tortuous as that of in specimen No.2. Note that the 

strain distribution was calculated by taking the first image at minimum loading at N of 

458 cycles as reference while those images at maximum loading levels as deformed. As 

a result, the normal strain component, εyy, actually represents strain range value. A bean-

shaped highly strained zone can be observed near crack-tip, which is believed to be the 

plastic zone. With extension of the short crack, the size of the highly strained zone does 

not change significantly while the shape of such zones can vary a lot. A smaller change 

of crack-tip direction seems to have a big influence on the strained zone. This implies 

the influence of local microstructures which controls the pattern the short crack grows. 

It is noteworthy that the lower part of highly strained zone stretches more widely in 

case the crack shows a downward growing due to local strength gradient within the 

HAZ, as illustrated by the arrows in Fig. 7a. This indicates that the global gradient 

strength distribution acts like an added driving force for local crack growth behavior 

and results in asymmetric deformation near crack-tip. The strain at the wake of crack-

tip is mainly in tension which accords with the concept of plasticity-induced crack 

closure proposed by Elber [26,41], who attributed the occurrence of fracture surface 

contact to plastic deformation in the wake of a growing crack. The permanent tensile 
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plastic deformation at crack wake was also reported by Zhao et al. [42] based on a 

detailed elastic-plastic finite element analysis.  

It is also interesting to find that a local compressive straining zone at the wake of 

growing short fatigue crack is gradually developed. The longer the crack extends, the 

larger the size of compressive zone, and during this process, the plastic zone in front of 

crack-tip reduces accordingly. It is worth noting that the local compressive strain field 

is located in the region where the crack path is more seriously deflected and enlarged 

with crack extension, which seems to be related to the development of roughness-

induced crack closure. Roughness-induced crack closure is associated with misfit of 

deformation at microstructural inhomogeneity, resulting in local displacement in the 

crack propagation direction or out-of-plane displacement due to local mode II or III 

deformation [43]. Pippan et al. [44] concluded that the asymmetric arrangement of 

geometrically necessary dislocations leaded to an asymmetric displacement, and 

induced an asymmetric change of crystal orientation between the two crack flanks. In 

this work, the local compressive strain within a global tensile strain denotes the misfit 

of deformation at microstructural scale as a result of high resolution DIC and implies 

the possibility of drastic microstructure damage at local areas. The microstructural 

damage analysis based on EBSD technique will be discussed later. 

Fig. 8 illustrates quantitatively the evolution of compressive strain zone at crack wake 

and plastic zone at crack-tip. In this work, a miniature smooth specimen was loaded in 

tension until the yielding was determined at the point of F, as shown in Fig. 8a. In this 

process, a series of SEM images were taken during the interruption periods for strain 
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measurement. Note that the image magnifications and area of interest are the same as 

in Fig. 7. Images taken at the yielding point were then correlated with those at zero load 

based on the DIC technique. It is observed that an average strain at the corresponding 

point F is 1.79%, which represents the plastic strain value when the HAZ is undergoing 

plastic deformation. This threshold value for plastic deformation was then input into 

the strain distribution in Fig. 7, as a result, the evolution of plastic zone area at crack-

tip as opposite to the compressive straining area at crack wake was determined as shown 

in Fig. 8b. It is obvious there is a gradual increase of compressive straining area from 

300 to 850 μm2 and a slow decrease of plastic zone area at crack-tip from 750 to 

600 μm2, which provides direct evidence for the effect of roughness-induced crack 

closure on crack-tip straining during crack extension.  

4.2 Strain evolution during deflection of crack growth path  

Fig. 9 illustrates the variation of normal and shear strain distribution when the crack 

deflects towards the large grain, during which the loading mode of fatigue cracking 

alternates. The crack is starting to grow upward in Fig. 9a and d, where the normal 

strain dominates crack growth with tensile deformation at crack-tip and the shear strain 

is compressive. The crack in Fig. 9b and e is pure mode II like, a case where the plastic 

zone at crack-tip is asymmetrical relative to external loading direction, and it seems the 

compressive shear strain localized at the crack-tip is driving crack growth upward. The 

cracks in Fig. 9c and f show a mixed I/II mode, where the highly strained zone returns 

to crack-tip with asymmetrical plastic zone while shear strain is also active. With the 

deflection of fatigue crack growth path, the distribution of strains changes and the 
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dominant strain (normal or shear) for crack growth varies accordingly. The normal 

strain provides the contribution of mode I tensile deformation in crack growth while 

the shear strain implies shear deformation between crack surfaces. The deflection of 

crack growth path which is associated with misfit deformation and asymmetric crack 

wake plasticity, and thus contributes to the development of roughness-induced crack 

closure [44].  

4.3 Strain evolution during intergranular cracking 

Fig. 10 illustrates the strain evolution of the crack growing along one grain boundary 

after deflection. It is obvious that the normal strain distribution at crack-tip varies 

significantly with intergranular crack growth and the bean-shaped plastic zone vanishes 

due to asymmetric deformation. The evolution of crack-tip strain is also related with a 

misfit of deformation within and out of the grain due to inhomogeneous microstructures. 

The strain localization at crack-tip in Fig. 10a accords well with the following crack 

growth path along grain boundary, as observed in Fig. 10b. This indicates intergranular 

cracking is associated with strain localization at preferential crack growth path. The 

intergranular cracking is thus also helpful to the development of roughness-induced 

crack closure. As a result, the deflection of crack growth path and intergranular cracking 

contribute to the full evolution of crack closure during crack growth of the physically 

short crack, based on the experimental measurement of crack closure level in our 

previous work [25]. As for the shear strain, it is observed that the deformation below 

the crack plane is always positive while the upper side is negative, which implies strong 

misfit deformation during intergranular cracking. As shown in Fig. 10, it is inferred that 



- 15 - 

the positive shear strain may be related to the direction of crack growth path as the final 

crack path tends to deviate to the mid-plane recovering the pure mode I of cracking. It 

would be interesting to monitor the evolution of shear strain at the particular point with 

the number of cycles where its driving force role can be verified experimentally.  

4.4 Strain evolution in case of crack closure 

Fig. 11 shows the evolution of full field strain within a loading-unloading cycle. Note 

the calculated strain distribution was based on correlations relative to the minimum load, 

Pmin. A full mask of crack wake (did not participate in strain correlation in DIC) was 

employed during the correlation, as a result, the correlation illustrates straining behavior 

at the real crack-tip. An observable strain field is developed at the crack-tip when P/Pmax 

reaches 0.4 at which the crack is undergoing partial closure with a length of 9 μm (Fig. 

6b). Interestingly, there is no obvious strain concentration at P/Pmax of 0.2 at which the 

closed crack length is 14 μm (Fig. 6a). With the increase of P/Pmax to 0.7, the plastic 

zone develops, and continues to enlarge into its final form at the maximum load. In the 

unloading process, it is observed that the strain concentration area at the crack-tip is 

almost disappeared when the load decreases to 0.4Pmax, which is probably due to a 

relaxation of residual stress, resulting in a more dispersed strain distribution pattern in 

Fig. 11e. It is believed that the external load for P/Pmax in the range of 0.1–0.4 has little 

contribution to crack-tip straining and is mainly used to open the partial closed crack. 

It is thus concluded that the crack closure at crack wake has a great influence on the 

strain field evolution at crack-tip. The question remains on how the crack surface 

contact affects the strain localization at real crack-tip.  
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A verification of strain evolution and associated strain transfer in case of crack 

closure was carried out by strain correlation using instant crack-tip, as the closed crack 

length is known beforehand as shown in Fig. 6. In this case, only the known open crack 

wake was masked during the strain correlation, and thus the closed part of crack path 

was participated in DIC calculation. More specifically, the strain calculation in DIC in 

this case was carried out by ignoring the open crack path and taking the closed part into 

account. As shown in Fig. 12, no obvious strain accumulation below P/Pmax of 0.2 is 

observed at the instant crack-tip, nevertheless, the strain accumulation has occurred at 

P/Pmax of 0.4 (both loading and unloading) in the closed part of crack-tip where most 

of the higher straining zone is located around the closed crack path, indicating the 

closed part and its neighborhood has localized straining. In this case, the plastic zone at 

the real crack-tip is not fully developed. This is different from the case reported in Fig. 

11. Such kind of strain localization has implied the shielding effect of real crack-tip for 

plastic deformation in the case of crack closure, and the crack surface has physical 

contact with each other. It is therefore concluded that the crack closure occurred at crack 

wake has affected the straining at crack-tip. This seems to be the first time to report the 

inter-relationship between crack closure and crack-tip straining.  

4.5 Quantitative distribution of strain and COD values 

Fig. 13 illustrates the quantitative distribution of strain field in front of the crack-tip and 

crack opening displacement at the crack wake in a complete loading-unloading cycle at 

a similar ΔK of Fig. 11, Fig. 12. Note the strain values are selected at 2 μm, 5 μm and 

10 μm in front of the crack-tip along the x axis of a local co-ordinate system, while the 
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COD values are distracted at 5 μm, 10 μm and 20 μm behind the crack-tip, as shown in 

Fig. 13a. An almost linear relationship between P/Pmax and εyy is observed in Fig. 13b 

in case of the distance is 10 μm, which indicates little influence of near crack-tip 

plasticity on the mechanical response. As for strains close to the crack-tip, strain values 

are enhanced and there is a “knee” for P/Pmax around 0.4 where nonlinearities occur 

due to local plasticity. Interestingly, during the unloading process, the nonlinearities 

occur a little bit later at a P/Pmax around 0.3, implying residual strains. Such kind of 

“knee” is also apparent in Fig. 13c where the COD values deviate from an initial linear 

relationship, and the crack closure level is estimated at P/Pmax between 0.3 and 0.4. The 

evolution of COD is consistent with both experimental and numerical results reported 

in Refs. [45,46]. As a result, the crack closure level determination based on COD 

variation at crack wake and near-tip strain evolution is consistent with that observed 

from surface morphologies in Fig. 6. The similar patterns for COD and strain within a 

full cycle in the near crack-tip zone imply an almost simultaneous mechanical response 

for crack opening/closure and straining. It is reasonable to conclude that the crack 

surface contact is helpful to load transfer between crack wake and crack-tip, and the 

closed part acts like a “bridge”.  

4.6 Damage characterization along the crack propagation path 

Fig. 14 shows a group of images from ECCI observation of crack growth path of 

specimen No.1. A step-by-step magnification of views present the deformation structure 

along the crack path. The martensite laths can be clearly observed with deformation 

structure inside. Interestingly, the crack has been propagating along the lath boundaries, 
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as clearly recorded in Fig. 14c. The deformation structure along the crack path is mainly 

presented as dislocation cells, as indicated in Fig. 14c, which tend to form low angle 

grain boundary and sub-grain structures. This indicates a relatively severe plastic 

deformation in this region, in agreement with the crack-tip final fracture zone. In 

comparison with the initial microstructures investigated by TEM (Fig. 1c), the 

deformation structures in Fig. 14 shows a higher dislocation density. The formation of 

dislocation cell structure is reasonable. It is known that during plastic loading, the initial 

dislocations with high density will try to form organized structures according to the 

crystallography and loading conditions during plastic loading, while dislocations 

annihilate with each other during unloading. However, some dislocations do not behave 

in the same way during unloading, and may be “pinned” at some places. After some 

cycles, they accumulate and form boundary-like structures, which can act as damage 

initiation sites in the further loading steps.  

Fig. 15 shows EBSD morphologies of the two specimens at crack-tip and along the 

deflected crack path. The inverse pole figure (IPF) maps are shown in Fig. 15a and b. 

Both Figs. 15a and b show how the fatigue crack has been propagating at the particular 

stage, where the fatigue crack alternates its path along the lathy boundaries and passes 

through the laths perpendicularly. One advantage of the EBSD observation is the ability 

to show the distribution of crystal orientation. It is obvious in Fig. 15a that the 

orientation varies accordingly with the extension of crack growth, and there is less 

variation of orientation close to the crack-tip. This is mainly due to the crack growth is 

relatively stable with slight path deflection near crack-tip. It is worth noting that one 
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block of lathy martensites in the middle of Fig. 15a differs strongly with its nearby 

microstructures by orientation. As reported in Ref. [43], the change of the color is a 

measure for the orientation change, that is, lattice rotation. It is thus inferred that the 

local microstructures may have undergone a different deformation mode, most probably 

the occurrence of lattice rotation. If it were, then it would help explain the compressive 

straining at the crack wake, as reported in Fig. 7 and quantitatively assessed in Fig. 8. 

Interestingly, the color difference and thus crystal orientation in Fig. 15b show strong 

heterogeneity, which implies significant plastic deformation during crack path 

deflection. It is inferred that in case of mixed mode crack growth, the dominant shear 

deformation has resulted in microstructural damage different from that of pure mode I 

deformation. 

Furthermore, the kernel average mis-orientation (KAM) maps are used to indicate the 

local straining level in Fig. 16. In Fig. 16, the boundaries of large angle grains (15–60°) 

are marked with black lines, and the label from 0 to 5 shows severity of inhomogeneous 

deformation at microstructural scale. In this work, the highest level of 5 in strong red 

color denotes the small angle grains (2–15°). It is observed once again that the plastic 

deformation is mainly accumulated at martensitic lath boundaries. Combining the ECCI 

analysis in Fig. 14, it can be inferred that the strain localization at the lath boundaries 

can possibly promote the formation of sub-grain boundaries and contribute to 

deformation incompatibilities during loading. This incompatibility can be a sensitive 

and weak spot for the fatigue damage accumulation and crack propagation that can lead 

to the deflection of the crack growth path. This seems to be the origin of the 
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microstructural influence of the crack growth behavior.  

5. Conclusions 

In this work, the effects of crack closure and tortuous crack grow path on crack-tip 

straining behavior was investigated based on in-situ SEM/DIC technique. The crack 

growth path and associated fatigue damage at microstructural scale was characterized 

by both EBSD and ECCI techniques. The main conclusions are listed as follows.  

(1) The short fatigue crack growth within the HAZ of the welded joint often shows a 

deflected crack growth path due to the combined contribution of local microstructures 

and global strength gradient.  

(2) A deflection of growing crack path as well as intergranular cracking manifests itself 

well in terms of crack-tip straining and its localization where the normal and shear 

strains dominate alternatively in the case of cracking mode changes.  

(3) The crack closure was evidenced by direct crack path observation, COD/crack-tip 

strain measurement, and the gradual development of compressive residual strain at 

crack wake, which is believed to shield the real crack-tip and thus affect strain field in 

front of crack-tip.  

(4) The short fatigue crack propagation behavior can correlate well with fatigue damage 

at microstructural scale, in which the strain tends to localize at lathy boundaries, 

promoting deformation incompatibility and formation of sub-grains. 
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Fig. 1 OM (a), SEM (b) and TEM (c) images showing microstructures of FQTZ in HAZ of the welds 

[34]. 
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Fig. 2 Shape, dimensions and location of the miniature specimen for in-situ fatigue test. 
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Fig. 3 Short fatigue crack growth behavior: (a) Δa−N relationship, (b) da/dN−ΔK relationship [34]. 
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Fig. 4 Morphologies of short fatigue crack growth path in specimen No.1: (a) a = 0.5176 mm, N = 458 

cycles, (b) a = 0.5213 mm, N = 558 cycles, (c) a = 0.5269 mm, N = 710 cycles, (d) a = 0.5312 mm, 

N = 818 cycles, (e) a = 0.5369 mm, N = 940 cycles, and (f) a = 0.5418 mm, N = 1069 cycles (images 

shown here are taken by holding at Pmax). 
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Fig. 5 Morphologies of short fatigue crack growth path in specimen No.2: (a) a=0.698 mm, N=537 cycles; 

(b) a=0.7032 mm, N=902 cycles; (c) a=0.7065 mm, N=1126 cycles; (d) a=0.7095 mm, N=1228 cycles; 

(e) a=0.7138 mm, N=1357 cycles; (f) a=0.7174 mm, N=1613 cycles (images shown here are taken by 

holding at Pmax). 

 

Fig. 6 Development of crack surface contact in a full cycle (specimen No.2) at selected P/Pmax levels 

with K of 19.45 MPam1/2: loading part from (a) to (c), maximum load (d), and unloading part (e) and 

(f). All images have the same scales as the one shown in (d). 
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Fig. 7 Strain evolution near crack-tip during short crack growth process (specimen No.1): a, N and ΔK 

values at (a)–(f) are the same to those in Fig. 4. 
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Fig. 8 Quantitative representation of strain evolution near crack-tip and at crack wake in Fig. 7: (a) 

engineering stress-strain relationship of the miniature sample for plastic strain determination, (b) the 

evolution of compressive straining area and crack-tip plastic straining area. 
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Fig. 9 Evolution of strain components yy (a-c) and xy (d-f) near crack-tip during deflection of crack 

growth path (specimen No.2). 

 

 

Fig. 10 Evolution of strain components yy (a-c) and xy (d-f) near crack-tip for intergranular crack growth 

(specimen No.2). 
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Fig. 11 Strain evolution at final crack-tip within a full cycle at the K of 19.45 MPam1/2. 

 

Fig. 12 Strain evolution at instant crack-tip within a full cycle at the K of 19.45 MPam1/2. 
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Fig. 13 Variations of strain values in front of crack-tip and COD at the crack wake in a full cycle 
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Fig. 14 ECC images of crack growth path of the specimen No.1: (a) an overall view of crack growth path, 

(b and c) enlarged views of selected areas. 
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Fig. 15 EBSD observation of fatigue crack growth: (a) IPF-Z map of crack-tip zone of specimen No.1, 

(b) IPF-Z map of crack growth deflection of specimen No.2 (the arrows show the crack growth direction 

and the white lines indicate crack growth paths). 
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Fig. 16 The corresponding KAM maps resulted from EBSD analyses: (a) crack-tip zone of specimen 

No.1, (b) crack path deflection zone of specimen No.2. 

 

 

 


