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Abstract 

The high-cycle torsional fatigue crack propagation behaviors of the martensitic 

AISI 4340 steel were investigated in this work. Quantitative analyses of fracture 

processes were conducted to establish the branching mechanisms in the early crack 

propagation stage and the deflection in the later crack propagation stage. It was found 

that when the mode I stress intensity factor was greater than the threshold value 𝐾𝐾I,th, 

the initiated crack would branch off to four cracks in mode I. Furthermore, there is a 

competitive relationship among different pairs of branches. Firstly, the backward pair 

of branches encountered more boundary barriers. Secondly, their driving force was 

reduced by the stress redistribution caused by the leading pair of branches. In addition, 

due to the restriction of the grips, the crack would gradually turn into mode II from 

mode I. When KII/KI > 1.5, the cracks growth type became complete mode II. 
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1. Introduction 

There are many shaft components in vehicles subjected to cyclic torsional loading. 

The fatigue failure of those components often leads to the increasing need for the study 

of fatigue crack initiation and propagation behaviors under cyclic torsional loading [1-

4]. Unlike the tension-compression loading, the fatigue crack under torsional loading 

has great changes during the crack propagation process [5]. Specifically, under tension-

compression loading, the crack growth process could be divided into two stages. 1) The 

early mode II propagation, which is mainly affected by the microstructure, is called as 

stage I propagation. 2) The subsequent mode I propagation, in which the fatigue crack 

usually would not branch off or be deflected, is called as stage II propagation. In the 

same way, the fatigue crack under torsional loading would also undergo the stage I 

propagation affected by the microstructure and then turn into mode I propagation. 

However, under torsional loading, there are two problems different from the tension-

compression loading in the fatigue crack growth behaviors. 1) During the stage I 

propagation, the crack would branch off into multiple mode I cracks. 2) Amid the stage 

II propagation, the crack would be deflected from mode I into mode II. 

For the branching behavior in the early propagation, there are different 

performances in different materials [6-15]. The fatigue cracks in steels reported by 

Murakami et al [15], Zhang et al. [12], Schönbauer et al. [6, 8], Karr et al. [16], Akiniwa et 

al. [11] and Marquis et al. [17] would branch off in the early propagation. In addition, 

Zhang et al. [12] reported that the crack length in the branching point was related to the 
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loading stress. Schönbauer et al. [6, 8] found that the branching occurred after the initiated 

crack in δ ferrite encountered the tempered martensite matrix. As for the aluminum 

alloys, Serrano-Munoz et al. [18] found that the fatigue cracks in them would not branch 

off. For copper, the experimental results of Xu et al. [19], Li et al. [20-22] and Hofmann et 

al. [23] showed that there was no branching in the early propagation stage. After the 

review of the above researches, it is clear that the fatigue crack branching in the early 

propagation stage is common in steels, which might be related to the complex 

microstructure leading to local anisotropy. However, the fatigue crack branching 

behavior is seldom investigated. Revealing the bifurcation mechanism will help to 

improve the understanding of the whole process of fatigue damage, and thus propose 

methods to improve the fatigue performance. 

For the deflection from mode I to mode II in stage II propagation, it could be found 

in several researches including solid cylinder specimens [1] and thin-walled tubular 

specimens [5, 9, 24]. Singh el al. [5] described the deflection behavior of the fatigue crack 

and defined the related quantities. However, the experiment was carried out under 

bending-torsional loading [5], and the bending stress would affect the deflection 

behavior. As for the fatigue crack deflection under pure cyclic torsional loading, the 

corresponding mechanisms are still unclear up to now. 

This study presents both macroscale and microscale experimental investigation on 

the fatigue damage behavior in solid cylinder specimens of AISI 4340 steel subjected 

to pure cyclic torsional loading. The AISI 4340 steel is chosen because it has typical 
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tempered martensite, and its relationship with crack growth can be better characterized 

by SEM. The main objective is to fully understand the fatigue crack branching, 

deflection and growth mode. The detailed microscopic analysis of the fracture surface 

reveals the different fracture characteristics and the mechanism operating along the 

crack propagation mode at different stages of crack propagation. 

2. Experimental procedures 

The AISI 4340 steel by double vacuum smelting was adopted in this study. The 

elemental compositions are shown in Table 1. The specimens were heated at 850 °C for 

1 h then oil quenched and tempered at 204 °C for 2 h, and the torsional yield strength 

is 932 MPa. The microstructure is typical tempered martensite as shown in Fig. 1, and 

the EBSD result in Fig. 1b indicates that there are full of BCC phases. 

Table 1 Elemental compositions of the experimental AISI 4340 steel (wt.%). 

 

Fig. 1 The microstructures of AISI 4340 steel tempered at 204 °C for 2 h. (a) SEM. (b) 
EBSD. 

C Mn Si P S Cr Ni Mo As Cu Fe 

0.40 0.80 0.28 0.005 0.0027 0.86 1.95 0.26 0.005 0.02 Bal. 
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The torsional fatigue test, using specimens with a gauge section Ф5.5×30 mm2, 

was carried out on the Instron 8874 test machine with a stress ratio of R = -1. The stress 

amplitudes are every 30 MPa from 610 MPa to 850 MPa and the loading frequency is 

15, 15, 15, 15, 14, 11, 6, 3 and 0.5 Hz, respectively. One specimen was tested for each 

stress level. The tests for fatigue crack growth rate were carried out on the Instron 8801 

test machine using the compact tension specimen with size of 10×50×48 mm3. The 

loading frequency was 30 Hz and the stress ratio was 0.15. 

Electro-etching was used to reveal the microstructures around the fatigue crack. 

The compositions of the etchant were 10% HClO4 and 90% alcohol. The specimens 

were etched for 1 min at voltage of 12 V. The fractographies of specimens were 

observed by the FEI Inspect F50 scanning electron microscope (SEM). The images of 

the microstructure were taken by the ZEISS sigma 500 SEM. 

3. Results 

3.1. Fatigue fractographies 

In the present study, in total 9 stress amplitudes were adopted in the torsion fatigue 

test and 8 specimens finally failed. The 8 fracture specimens can be divided in to three 

types as shown in Fig. 2. When the mode I crack propagation transits to mode II, there 

would be two optional directions i.e., axial and circumferential due to that both the two 

directions are in the maximum shear stress plane. The mode II crack propagation would 

have the maximum driving force in the two directions. Since there are two mode II 
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crack in each fracture, there would be in total three possible combinations of the mode 

II crack propagation and all three of them occur in the present study. 

 
Fig. 2 Three types of torsional fatigue fractures. (a) The relationship between the shear 
stress amplitude and the fracture type. (b) Type A, (c) Type B. (d) Type C. 

For the type A fracture, the main crack is S-shaped in the side view. Besides, both 

two mode II cracks are perpendicular to the axis. The fracture specimens at the shear 

stress amplitude of 640 MPa and 850 MPa are displayed in Fig. 3a and 3b, respectively. 

At different stress amplitudes, the fracture morphologies have similar regions. In detail, 

there is a final fracture area opposite to the initiation site. As the shear stress amplitude 

increases, the mode I region becomes smaller, and the final fracture region becomes 

bigger. At high stress amplitude, a typical factory-roof morphology could be seen as 

shown in Fig. 3b. The factory-roof morphology in the torsion fatigue fracture of 

cylindrical specimen is formed by mode I crack branching from mode III cracks [25].  

For the type B fracture, one mode II crack is perpendicular to the axis while the 

other is along the axial direction. Only one fracture (at 760 MPa) occurred in this type 
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as shown in Fig. 2c and 3c. It is the crack growth perpendicular to the axis that finally 

leads to the failure of the specimen.  

For the type C fracture, both two mode II cracks are along the axial direction. Also, 

only one fracture (at 790 MPa) belongs to this type as displayed in Fig. 2d and 3d. 

Although there are two cracks along the axial direction, the final fracture is due to the 

propagation of circumferential cracks, which are secondary cracks initiated on the main 

crack, as revealed in Fig. 3d. 

 
Fig. 3 Three types of torsional fatigue fractures. (a) and (b) Type A. (c) Type B. (d) 
Type C fracture. 



8 

 

The fatigue fracture can be divided into three regions: fatigue crack initiation 

region, mode I crack growth region, mode II crack growth region, mixed mode crack 

growth region and final fracture region. The corresponding features of the type I 

fracture were observed in detail. Fig. 4 displays the images of initiation site and mode 

I crack growth region of the torsional fatigue specimen. Fig. 4a and 4b shows the high 

magnification image of the initiation site from the side and top view, respectively, and 

a smooth platform could be seen. The platform is along the maximum shear stress plane. 

After propagating a distance in mode II, the crack branches into mode I cracks. Fig. 4c 

and 4d show the mode I crack from the side and top view, respectively. The obvious 

contrast difference in Fig. 4d shows the semi-elliptical edge of the mode I crack. 

 
Fig. 4 The SEM images of (a and b) initiation and (c and d) mode I crack of specimen 
at stress amplitude of 640 MPa. 
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Fig. 5 shows the fracture morphologies of mode II crack growth region, the mixed 

mode crack growth region and the final fracture region of the torsional fatigue specimen. 

The characteristic locations are marked in Fig. 5a, and the high magnification images 

are displayed in Fig. 5b-f. For the mode II crack growth region, it could be clearly seen 

that there are fatigue striations near the specimen surface, which indicates the crack 

propagation direction, as shown in Fig. 5b-d. For the mixed mode crack growth region, 

the scratches on the fracture next to the mode I crack growth region are observed, as 

exhibited in Fig. 5e. The scratches are usually caused by the contact of two crack faces 

resulting from the later mode III or mixed mode crack propagation. In addition, the 

fatigue striation with different pattern and wider spacing are observed, as revealed in 

Fig. 5f. The widths of the striation spacing in Fig. 5d and 5f are about 5 μm and 10 μm, 

respectively. The wider spacing of the striation generally means a later cracking in time. 
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Fig. 5 The SEM images of the fracture morphology of stage II cracks of the torsional 
fatigue specimens at shear stress amplitude of 640 MPa. 

To make a summary, Fig. 6 schematically illustrates the fracture characteristics of 

the torsional fatigued specimen. The fatigue striations near the specimen surface are in 

mode II and the fatigue striations inside the specimen are in mixed mode. Based on the 

fracture characteristics, the sequence of fatigue crack growth can be summarized. The 
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crack first initiated on the specimen surface and then propagated in mode I to form a 

semi-ellipse region. Subsequently, the crack propagated circumferentially in mode II 

along the specimen surface. With the crack propagation, the remaining cross-sectional 

area became smaller and smaller. When the critical value is reached, the internal crack 

in mixed mode begins to propagate and gradually turns to unstable crack until the final 

fracture. 

 

Fig. 6 The schematic illustration of the fracture of the torsional fatigue specimen. The 
striations near the specimen surface are consecutive. 

3.2. Crack length of different mode 

The different regions occurred on the fracture surface are attributed to the crack 

mode transition during the crack growth. Therefore, the crack lengths of different 

regions were measured from the side view. As shown in Fig. 4a, the crack before 

branching, as well as mode changing, is defined as the initiation crack. The relationship 

between the shear stress amplitude and the initiation crack length is plotted in Fig. 7. 

As the shear stress amplitude increases, the initiation crack length decreases. 
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Fig. 7 The relationship between the shear stress amplitude and the initiation crack 
length. 

The subsequent crack growth paths including mode I crack, mode II crack and the 

transition between them are displayed in Fig. 4c. The fracture is centrosymmetric, and 

the center of symmetry is the initiation site. The definition of the crack length of mode 

I and mode II are schematically illustrated in Fig. 8a. Specifically, the mode I crack 

length is refer to the longest pure mode I crack, and the mode II crack length refer to 

the shortest pure mode II crack. These two definitions annotate the beginning and end 

of the crack mode changing. The statistical crack length results of different mode for 

specimen under different shear stress amplitude are shown in Fig. 8b. As the shear stress 

amplitude increases, the crack length of both mode I and mode II decreases. 
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Fig. 8 The observation of the fracture from the side view. (a) Schematic illustration of 
the definition of crack length. (b) The statistical results of different crack mode for 
specimen under different shear stress amplitude. 

3.3. Relation between fatigue crack and martensitic lath 

For the specimen at shear stress amplitude of 760 MPa, more cracks could be 

observed apart from the main crack as shown in Fig. 9. Each initiation crack has 4 

branches in mode I. There are two pairs of branches perpendicular to each other on each 

side of the initiation crack. On the other hand, branches in the same direction could be 

grouped. Therefore, there would be a pair of short branches and a pair of long branches 

as shown in Fig. 9a and 9b. In the meantime, there would also be the cases that all four 

branches have the same length as shown in Fig. 9c and 9d. 
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Fig. 9 Two pairs of branches with different length on specimen at stress amplitude of 
760 MPa. The crack tips are marked by the arrows. 

The microstructures around the branch were examined carefully, and the images 

are displayed in Fig. 10 and 11. The characteristics of the crack growth path correlated 

with the microstructure in Fig. 10a are enlarged as shown in Fig. 10b-d. Firstly, the 

crack propagates along the lath, and the angle between the lath and the axial direction 

is about 45° as shown in Fig. 10b. Secondly, the crack growth path has a large deflection 

when encountering the boundary, as shown in Fig. 10c. Thirdly, the crack growth path 

would be zig-zag, when the crack passes through a lath packet whose direction deviates 

greatly from 45°. This was also observed in a maraging steel under axial tension-

compression fatigue test [26]. 
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Fig. 10 The microstructure along the crack propagation paths on specimen at stress 
amplitude of 640 MPa. (a) Overall view. (b) Path along the lath. (c) Deflection around 
the boundary. (d) Zig-zag path. 

Fig. 11 displays the microstructure around the tips of the branches. It is clear that 

the crack is arrested at the packet boundary. This suggests that the grain or packet 

boundary is a barrier for the crack propagation. It is reported that the origin of the barrier 

effect for the boundary to the fatigue crack is the different crystallographic slip systems 

in the adjacent grains [27, 28]. Nevertheless, the crack does not stop growing, but is 

arrested for a few cycles. With the continuous loading, the crack would eventually pass 

through the boundary. 
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Fig. 11 The microstructures around the arrested crack tips on specimen at stress 
amplitude of 640 MPa. The original austenite grain boundary or the martensitic packet 
boundary are marked by arrows. 

4. Discussion 

Based on the above results, there are several transitions during the fatigue crack 

initiation and propagation, including 1) initiation crack to mode I branches and 2) mode 

I crack to mode II crack. Besides, there is competition between the two pairs of branches. 

The reasons for these transitions and competition will be analyzed. 

4.1. Initiation crack to mode I branches 

Fig. 7 displays the relationship between the stress amplitude and the initiation 

crack length. With the increase of the stress amplitude, the initiation crack length 

decreases gradually. This phenomenon was also reported in a high-strength steel and 

316L stainless steel [12]. It is believed that the transition from initiation crack to mode I 

branches is determined by whether mode I crack begins or not. For the same applied 

stress, a mode II crack would have a larger plastic zone than a mode I crack [15, 29]. More 

energy will be absorbed in a mode II crack because of the lager plastic zone. 
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Furthermore, the transition is determined by whether the fatigue crack stress intensity 

factor (SIF) reaches 𝐾𝐾I,th or not [15]. The SIF is calculated by: 

𝐾𝐾I =
𝜏𝜏a�𝜋𝜋(cos 45° 𝑎𝑎)
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where 𝜏𝜏a is the stress amplitude, a is half of the initiation crack length, cos 45° 𝑎𝑎 is the 

projection length perpendicular to the principal stress and 𝜏𝜏YS  is the torsional yield 

strength. Due to the SIF threshold 𝐾𝐾I,th is a material constant, the relationship between 

the stress amplitude and the initiation crack length could be given by: 
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The fitting result can be seen in Fig. 7. It shows that the SIF threshold 𝐾𝐾I,th is 5.35 

MPa∙√m, which is reasonable for the present steel when stress ratio is close to zero [30-

32]. 

The microstructure around the branching point was observed and displayed in 

Fig.12a and 12b. There are three main kinds of crack propagation modes: 1) along the 

packet boundary, 2) along the lath boundary and 3) perpendicular to the lath. The first 

two can be understood as that the boundary is the weak region as it is in the fatigue 

crack initiation situation . As for the crack propagation perpendicular to the lath, it is 

similar to the zig-zag path in Fig. 10d. 
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It is possible that the SIF exceeds the threshold before the crack tip before the 

crack tip reaches the packet boundary. However, due to that the lath boundary are the 

weak region compared to the lath, the crack prefers to continue propagate along the lath 

boundary in mode II until the crack approaches the packet boundary. Therefore, the 

branching mechanism includes two aspects: 1) The SIF of the initiation crack reaches 

the 𝐾𝐾I,th . 2) The lath packet in front of the crack is in different direction from the 

maximum shear stress plane. The schematical illustrations of the driving force for the 

branching are displayed in Fig. 12c and 12d. As the shear stress reversed, the different 

pairs of branches start to propagate. This mechanism does not exist in the cyclic normal 

stress. In addition, when the stress ratio is greater than zero, this phenomenon also does 

not exist under cyclic shear stress. 

 
Fig. 12 The branching mechanism. (a) and (b) The images of the microstructures around 
the branching points. At stress amplitude of 790 MPa. (c) and (d) Schematical 
illustration of the driving force for the branching. 
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4.2. Mode I crack to mode II crack 

It is believed that the transition from mode I crack to mode II crack is due to the 

restriction of the hydraulic wedge action grips to the specimen. Schematical illustration 

of the bending due to the mode I crack is displayed in Fig. 13a. The hydraulic grips 

could only tolerate limited bending of the specimen. If it was the clamping mode 

applied in the ultrasonic fatigue machine that one end of the specimen is free, the mode 

I crack could propagate all the way to the final fracture [33]. 

Due to the restriction of the grips, although the fatigue crack is growing, the SIF 

cannot continue to increase, therefore, the fatigue crack is propagating in the form of 

constant KI [5]. Unlike the KI, the KII component continued to increase with the growth 

of cracks because the mode II crack would not cause the bending of the specimen [5]. 

Singh et al. [5] studied the changes of KI and KII component during the transition from 

mode I to mode II crack in bending-torsional fatigue loading and the limited KI 

component is the reason for the transition. In addition, Otsuka et al. [34] found that for 

2170-T3 and 7075-T6 alloy, when KII/KI > 1.6, cracks grew in mode II. When KII/KI 

was less than 1.6, the crack would grow in mode I [34]. Therefore, the propagation 

behavior of the fatigue crack can be characterized by dividing the crack path into three 

parts: pure mode I part, transition part and pure mode II part. The SIF of mode I at the 

end of the transition equals to the value at the start of the transition due to the constant 

KI propagation caused by the hydraulic grips. Therefore, the SIF of mode I and mode 

II component at the end of the transition region can be calculated, and the results are 
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shown in Fig. 13b. For the present steel, when KII/KI > 1.5, cracks grew in mode II. 

Besides, the KI of all the specimens is below 25 MPa∙√m, which may be the maximum 

allowable SIF of mode I crack under the hydraulic grips. 

 

Fig. 13 Mechanism of crack mode change from mode I to mode II. (a) Schematically 
illustration of the bending deflection due to the mode I crack. (b) The relationship 
between the stress intensity factors of mode I crack and mode II crack. 

4.3. The competition of two branches 

As shown in Fig. 9, during the cyclic torsional loading, the initiation crack would 

branch off into four cracks. They can be the same length, or a pair of long and a pair of 

short cracks. In another words, the difference in crack growth rate leads to the above 

results. The reasons can be discussed from several aspects as following. 

Firstly, when the four branches are considered together, the propagation pattern is 

special. In terms of fracture mechanics, each pair of diagonal cracks is closely related, 

because the calculation of their SIFs at the crack tips shares the same length value a. 

The crack propagation at one branch would lead to the simultaneous increase of the SIF 
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at the crack tip at both branches. Similarly, the retardation of the crack propagation at 

one branch will also cause the propagation of both branches to slow down 

simultaneously. 

Secondly, the reason for retardation of propagation can be discussed in two stages. 

1) All four branches are in mode I crack growth region; 2) The leading pair of branches 

enters the mode II crack growth region, while the backward pair of branches are still in 

mode I crack growth region. In the first stage, the two pairs of cracks are 90° to each 

other, and the propagation of each pair of cracks does not affect each other. The 

retardation of the crack propagation at this stage is due to the influence of the 

microstructure, namely the packet boundary. It is well known that the grain boundary 

could arrest the short fatigue crack [28, 35-40]. Recently, Ueki et al. [41] found that the lath 

boundary could enhance the crack propagation resistance due to the activation of out-

of-plane slips with their Burgers vectors having no component of the crack growth 

direction. In order to study the influence of boundary on crack growth, the suspension 

of different cycles from 1000 to 4000 was manually imposed. The different cycles 

reflect the suspension of different numbers of encountered boundaries. The fatigue 

crack growth rate adopted is as: 

𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 2.88 × 10−8(∆𝐾𝐾)2.60. (3) 

As shown in Fig. 14a, the crack lengths are 70%, 49%, 37% and 28% for delay of 

1000, 2000, 3000 and 4000 cycles, respectively, compared to the crack length with no 
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delay. The total propagation cycles are 30000 and the delay of 2000 cycles could reduce 

the final crack length by half. Therefore, although the lath packets are randomly 

distributed, if the number of boundaries encountered by each pair of cracks is slightly 

different, this blocking effect will be obviously reflected in the final crack length. 

In the second stage, when the leading pair of branches enters mode II crack growth 

region, the two pairs of cracks are not 90° to each other anymore, as shown in Fig. 14b. 

Because of stress redistribution in mode I component, the driving force of the backward 

pair of branches will be further reduced, and the growth rate will be further diminished. 

 

Fig. 14 The mechanism for the retardation in two stages of the fatigue crack propagation 
(a) The relationship between the crack length and the cycles of delay in the first stage. 
(b) Stress redistribution caused by the growth of the leading crack branches in the 
second stage. 

5. Conclusions 

The high-cycle torsional fatigue crack propagation behaviors of AISI 4340 steel 

were studied in this work. Based on the experimental results and discussions, the main 

conclusions for high-cycle fatigue regime are summarized as follows: 
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1) When 𝐾𝐾I > 𝐾𝐾I,th and the crack tip reaches the packet boundary different from 

the maximum shear stress plane, the initiated crack would branch off to four cracks in 

mode I. There are three main kinds of crack propagation mode when branching: along 

the packet boundary, along the lath boundary and perpendicular to the lath. 

2) Due to the restriction of the grips, when the crack encounters the transition 

region, the crack propagates in constant KI mode. The KII component continued to 

increase with the growth of cracks. When KII/KI > 1.5, the crack grows in mode II. 

3) There is a competitive relationship between different pairs of branches. The 

backward pair of branches fall behind due to that they encountered more boundary 

barriers and theirs driving force were reduced by the stress redistribution caused by the 

leading pair of branches. 
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