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Abstract 

Multi-principal element alloys (MPEA) have emerged as a class of high-performance 

materials. Of particular interest is the excellent fracture toughness in face-centered cubic 

MPEAs with low stacking fault energy, where abundant deformation twins are commonly 

observed. To understand the fracture mechanism in such MPEAs, here we perform in 

situ nanomechanical testing inside transmission electron microscope, atomistic 

simulation, and theoretical analysis to investigate the mechanism of interaction between 

a propagating crack and a coherent twin boundary (TB) in CoCrFeNi MPEA. We unveil 

a hitherto unknown microscopic mechanism of crack-TB interaction in MPEAs, where 

sliding along secondary nanotwins (NTs) nucleated from the primary TB followed by 

daughter crack nucleation some distance ahead of the main crack constitute a consecutive 

sliding-opening crack propagation mechanism, leading to zig-zag fracture around the 

primary TB. The origin of this mechanism lies in the frequent nucleation of NTs from 

steps on the primary TB, which can effectively blunt and deflect a propagating crack. 

Quantitative analysis indicates nearly doubled fracture resistance associated with this 

unique mechanism of crack-TB interaction in MPEAs. These findings bring about a 

missing aspect in TB-modulated fracture in MPEAs and enrich our understanding of the 

enhanced damage tolerance of alloys with low stacking fault energy. 
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1. Introduction 

Multi-principal element alloys (MPEAs) have emerged as a class of structural materials 

that offer a wide range of exceptional mechanical properties through the exploitation of all the 

available alloy design principles [1-5]. Of particular interest is the excellent damage tolerance 

that are commonly observed in face-centered cubic (FCC) MPEAs, such as the equiatomic 

Cantor alloy  [6, 7], at both room and cryogenic 

temperatures. Through the manipulation of compositions, the plastic deformation mechanisms 

in them can be further modified, giving rise to the emergence of new alloys such as CoCrFeNi 

[8, 9] and CoCrNi [10-12]. These alloys demonstrate excellent mode I fracture toughness (JIc) 

that exceeds 200 kJ/m2 [13], which can even further increase at cryogenic temperature. Such 

exceptional fracture toughness in this class of FCC MPEAs is generally attributed to the 

twinning-dominated deformation mechanism [14, 15], which is facilitated by their 

characteristic low stacking fault energy (SFE) [16]. In addition, the low SFE also introduces 

numerous annealing twins in MPEAs during fabrication and processing, which also affect 

subsequent deformation behaviors and damage tolerance [17-19].  

In spite of the widely acknowledged conclusion of twinning enhanced toughness in FCC 

MPEA, an outstanding gap remains in our understanding of the roles and underlying 

mechanisms of twins and their impact on both intrinsic and extrinsic toughness [20]. The 

intricate interactions between twin boundaries (TBs) and propagating cracks impose 

considerable challenges in accurately delineating the underlying mechanisms during the 

fracture process. On the one hand, extensive deformation twins requires a threshold activation 

stress and hence commonly occur at the latter stages of deformation at room temperature [21]; 

on the other hand, certain conditions can facilitate twinning-dominated deformation, such as at 

cryogenic temperature [22] or high strain rate [23]. Complex microstructures and stress states 

often render it difficult to precisely trace the interactions between twins and cracks.  In addition, 
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secondary or high order nanotwins (NTs) are commonly observed in FCC alloys with low SFE 

[24, 25], as inherent TB defects (e.g., steps) facilitate the nucleation of secondary twins [26, 

27], which further enhances the fracture energy [28]. These complex twin architectures add 

another degree of challenge to interpreting the TB-crack interaction, especially to decoupling 

the contributions of each twinning system to the overall fracture toughness, which is beyond 

the capability of simple post-mortem microstructural analysis. While in situ microscale fracture 

test using scanning electron microscopy (SEM) is a promising method to simultaneously 

uncover the extensive twinning behaviors ahead of the crack tip and determine the fracture 

toughness [29], it can hardly distinguish the nanoscale or atomic-scale structural evolution and 

decouple the contribution from each individual TB-crack interaction mode. Molecular 

dynamics (MD) simulations, on the other hand, have been widely used to reveal the atomistic 

mechanism underlying TB-induced toughening by investigating the interactions involving 

crack tip, dislocations, and TBs in representative FCC metals and alloys [30-32]. However, 

most existing studies have been limited to simplified microstructures and idealized TB 

structures, while mechanistic insight in twinning-enhanced fracture resistance remains scarce, 

especially for MPEAs with complex twin structures.  

Keeping the above in view, we take CoCrFeNi, a typical single-phase FCC equiatomic 

MPEA with SFE of ~20 mJ/m2 [17], here as the model material to elucidate the dynamic 

interplay between a propagating crack and a primary TB, via a combination of in situ 

nanomechanical testing inside transmission electron microscope (TEM), MD simulations, and 

theoretical analysis. In situ observations reveal a consecutive sliding-opening crack 

propagation mechanism via sliding along secondary nanotwins (NTs) nucleated from the 

primary TB followed by daughter crack nucleation some distance ahead of the main crack, 

which lead to a microscopically zig-zag crack propagation in the vicinity of TB. MD 

simulations help clarify the deformation mechanisms leading to the observed zig-zag crack 
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path, including coordinated dislocation pile-ups, NT sliding and sub-crack nucleation between 

neighboring secondary NTs. Theoretical analysis based on surface energy and TB sliding 

energy considerations quantitatively elaborates the enhanced fracture resistance associated 

with the zig-zag crack propagation, which is confirmed by the crack tip opening displacement 

(CTOD) measured in experiment. These findings provide a detailed understanding of the TB-

modulated fracture in FCC MPEA, when combined with classic models may help guide the 

design of high-performance alloys through defect engineering. 

 

2. Experiments and simulations 

2.1 Sample preparation 

Co25Cr25Fe25Ni25 (in at.%) equiatomic MPEA ingots with single FCC phase were 

and drop casting. The as-cast samples were sequentially hot-rolled at 1050 °C to a 64% 

thickness reduction, homogenized at 1100 °C for 1 h, cold-rolled to a further 60% thickness 

reduction, and, finally, annealed at 1100 °C for 1 h. The samples for further characterization 

and in situ testing were cut from the original ingot, followed by mechanical grinding with SiC 

abrasive paper and then polished using 0.04 µm colloidal silica suspension (Struers). The grain 

morphologies and the corresponding crystallographic orientation maps were obtained using 

scanning electron microscope (SEM, JEOL JSM-7800F Prime) equipped with an Aztec 

symmetric electron backscatter diffraction (EBSD) detector. Fig. 1a shows the typical grain 

morphology of the as-annealed coarse-grained CoCrFeNi MPEA with an average grain size 

~40 µm, where the superimposed inverse pole figure (IPF-Z) confirms the frequent presence 

of annealing twins and concurrent Based on the IPF-Z orientation map, [11 ]-

aligned annealing twins (or their vicinal orientation) were selected for fabricating twinned 

crystal (TC) specimens, each of which contain an edge-on coherent TB parallel to the 
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indentation direction. For comparison, [11 ]-aligned single crystal (SC) specimens were also 

fabricated within the grain near the selected TB. 

 

2.2 Site-selective specimen fabrication 

Microscale fracture test specimens for in situ TEM were fabricated using focused ion beam 

(FIB, Zeiss Crossbeam 540). Cross-sectional lamellae (with a thickness of approximately 1.5 

with a TB in the middle were first lifted out of the selected regions in the bulk sample 

according to EBSD orientation map, using an Omiprobe manipulator. The height and thickness 

of the lifted lamella align along the [11 ] and [1 0] directions, respectively. The lamella was 

then transferred and attached to a Mo grid, followed by patterning of fracture test specimens 

using Ga+ ion beam (30 kV, 1.5 nA). The fine milling process of the electron-transparent film 

region in the middle of each specimen was completed under sequential ion beam currents of 

300, 100, and 20 pA (see Supplementary Fig. 1). A notch with an average width below 200 nm 

was cut on top of the film with a low current of 2 pA, which ensures the activation of a sharp 

crack from the notch surface. A low voltage polishing (5 kV, 10 pA) was performed to 

eliminate potential amorphous layers on both sides. Fig. 1b shows a typical FIB-fabricated 

microscale fracture test specimen, which contains a uniform electron transparent film in the 

middle. The width and thickness of the film are and 100 nm, respectively. 

 

2.3 In situ nanomechanical testing and microstructural characterization 

In situ nanomechanical testing were performed using X-Nano holder (developed by the 

Center for X-Mechanics of Zhejiang University [33]) in double aberration-corrected TEM 

(JEOL JEM-ARM300F) operating at 300 kV. Before in situ fracture test, the specimens 

(attached on Mo grid) and W indenter were installed on the static and mobile sides in the 

loading module of the holder, respectively. During the in situ test inside TEM, the W indenter 
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(with a half-angle of approximately 60°) was actuated by a piezo controller to move towards 

the specimen (Fig. 1c). Nanoindentation was conducted under displacement control mode with 

an approximate rate of 5 nm/s. Through the push-to-pull specimen design, conventional 

nanoindentation was converted to microscale fracture test of the film, where the crack was 

initiated from the notch surface. After the in situ microscale fracture test, microstructural 

characterization along the crack was conducted with both high-resolution TEM and high-angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM) with a semi-

convergence angle of approximately 28 mrad and a dwell time of 8 s. 

 

2.4 Atomistic simulations 

MD simulations were performed using the large-scale atomic/molecular massively 

parallel simulator (LAMMPS) [34] with embedded-atom method (EAM) interatomic potentials 

for random equiatomic CoCrFeNi alloys [35]. The dimensions of the typical model for crack 

propagation simulation were set at around 60 50 3 nm3, which contains approximately 

0.8 106 atoms each. Solid solution CoCrFeNi samples were created by randomly replacing 

three-quarters of the Ni atoms in an FCC Ni sample with equal number of Co, Cr and Fe atoms. 

Secondary NTs with different thicknesses were introduced between the primary TBs, where 

atomic steps with different heights were created to mimic the initial distribution of defects on 

the secondary TBs. An atomically sharp crack was created by removing one layer of atoms on 

the inclined ( 11) plane and screening the corresponding interaction of atoms across the crack 

interface. The whole system was annealed at 5 K for 300 ps for energy minimization.  

Displacement-controlled loading was then applied to the model along X-[111] direction 

(perpendicular to the primary TB) at an engineering strain rate of ~6.5 107 s-1. Periodic 

boundary condition was adopted along X-[111] direction, while free surface condition was 

adopted in Y-[11 ] and Z-[1 0] directions, respectively. The open access tool Ovito [36] was 
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used to visualize and analyze the simulation results, where common neighbor analysis (CNA) 

was applied to delineate the crack surface and TBs from the FCC matrix.  

To evaluate the TB sliding energy, a 20 20 20 nm3 equiatomic CoCrFeNi alloys bulk 

sample was created, which contains a single TB in the middle. Periodic boundary conditions 

were adopted in the X-[1 0] and Y-[11 ] directions, while the free surface condition was 

adopted in the Z-[111] direction. The upper half of the sample above the TB was shifted along 

the [1 0] direction and the stress-displacement curve was derived from the total energy with 

respect to displacement. The TB sliding energy for a unit length (b=1/2[1 0]) was thus obtained 

by integrating the positive part of the stress-displacement curve along the sliding direction. 

 

3. Results 

3.1 Consecutive crack deflection in the vicinity of a pre-existing TB  

At the beginning of microscale fracture test, shear localization along the ( 11) or (1 1) 

close-packed planes, which are inclined through the specimen thickness, preferentially occur 

from the surface of pre-set notch in the [11 ]-aligned specimen (Fig. 1d). The shear localization 

arises from the preferential nucleation of full dislocations with a Burgers vector of 1/2[110] 

and a Schmid factor of 0.272. The solid and dashed lines delineate the intersections of this 

inclined plane with the top and bottom surfaces of the specimen, respectively. Since the 

consecutively activated dislocations contain a Burgers vector component parallel to the film 

thickness, the associated shear localization inevitably induces rapid mechanical thinning, 

which eventually generates a sharp crack along this close-packed plane. Adopting this 

controlled crack-generating method to TC specimens (containing an individual coherent TB in 

the film), we can directly investigate the interaction between individual TB and a propagating 

crack in the CoCrFeNi MPEA, as shown by the snapshots in Fig. 2. First, the crack propagates 

towards the pre-existing TB (with a slant angle of ~5° with respect to the indentation direction), 
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which is blocked instantly and deflected onto the TB (see Fig. 2a and schematic in Fig. 2c). 

With further loading, the main crack is deflected again by a secondary NT, which is generated 

from the primary TB ahead of the crack (Fig. 2b and schematic in Fig. 2d), instead of 

propagating along the TB.  After the blunting of this main crack by the secondary NT, a new 

sub-crack is generated ahead of this NT following the shear localization path parallel to the 

main crack. This new sub-crack then merges with the NT-blunted main crack, which appears 

to deflect the main crack back to the primary TB. With continued loading, such consecutive 

crack deflections by the secondary NTs and the re-activation of sub-crack ahead proceed in a 

periodic manner, leading to a zig-zag mode of crack propagation in the vicinity of the primary 

TB (Fig. 2e), even after crack transits across the primary TB into the neighboring grain.  

Multiscale structural characterizations were conducted to further elaborate this zig-zag 

crack behavior in the vicinity of the primary TB in terms of consecutive crack blunting and 

deflection processes. High-resolution TEM image (Fig. 3a) shows that the first blunting of the 

main crack arises from the pre-existing coherent TB ahead, which deflects the crack to TB. 

Meanwhile, several steps and stacking faults (SFs) are generated from this TB segment near 

the blunting site of the crack, indicating significant plastic deformation (for mitigating the 

stress concentration) during this crack deflection process. Fig. 3b shows that the subsequent 

crack deflection is induced by the secondary NT activated from a large step in the inherently 

defective TB, which is confirmed by the corresponding fast Fourier transform (FFT) pattern in 

Fig. 3e. It has been previously shown that the nucleation of secondary NTs can effectively 

mitigate the stress concentration at large TB steps in FCC metals [26]. Here, the atomic 

structure of the large TB step (with 20 atom layers) resulting from this energy release route is 

unveiled by HAADF-STEM (Fig. 3f), which exhibit an asymmetrical interface configuration 

towards the 9 GB. In contrast, a smaller TB step (with 9 atom layers) that is nearby only 

favors the nucleation of a partial dislocation bound by an SF, while retaining an ideal incoherent 
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TB configuration (Fig. 3g). Most importantly, the activation of a secondary NT ahead of the 

main crack impedes potential cleavage along the primary TB. Instead, the crack is deflected 

onto the secondary NT, inducing sliding along NT. However, such sliding is limited by the 

length of the secondary NT, where further lattice sliding ahead is dominated by SFs near the 

surface (Fig. 3c). The accumulated shear offset inevitably introduces structural instability, 

which can impair continued deformation via TB sliding [37, 38]. A new sub-crack arising from 

the preferential inclined slip is generated some distance ahead of the NT, which then merges 

with the main crack (Fig. 3d), leading to the apparent crack deflection back to the primary TB. 

With further loading, consecutive crack deflections induced by the frequent activation of 

secondary NTs can proceed periodically in the vicinity of the inherently defective TB, leading 

to the zig-zag crack growth (Fig. 2e). A similar zig-zag crack pattern in the vicinity of primary 

TB is shown in Supplementary Fig. 2. 

 

3.2 Sliding-opening mechanism leading to zig-zag crack 

According to the crystallographic relations of the four equivalent {111} slip planes in FCC 

metals with respect to the direction of indentation, the inclined crack along (1 1) plane 

generated from the notch can either propagate towards (Fig. 2) or away from a pre-existing TB 

in the specimen. Fig. 4 shows that a similar zig-zag mode of cracking can also be activated 

when the main crack propagates away from the TB. As shown in Fig. 4a, the main crack along 

the inclined slip plane initially propagates away from the slanted TB (oriented at an angle of 

approximately 12° with respect to the indentation direction). Meanwhile, secondary NTs 

(denoted as NT1 to NT3) are generated from the primary TB, which instantly blunt the main 

crack. After blunting, the stress concentration near the crack tip continues to accumulate, which 

can be seen from the contrast change in dark-field TEM snapshot. With the activation of 

localized shear on the other side of NT1, the stress concentration at the crack tip is effectively 
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released (Fig. 4b). Similar to that shown in Fig. 3, this shear localization is coordinated with 

TB sliding along NT1 at the crack blunt region, which activates the nucleation of a sub-crack 

that rapidly propagates towards NT2 (Fig. 4b). In this way, the crack tip proceeds ahead to NT2 

through a zig-zag propagation route, which is similar to that shown in Fig. 2. The blunting of 

sub-crack 1 that follows then catalyzes the same consecutive crack blunting and nucleation of 

sub-crack 2 between NT2 and NT3 (Fig. 4c), leading to a periodic zig-zag crack pattern in the 

vicinity of the primary TB. These results also indicate that the zig-zag crack can occur in a 

range of TB orientations, given the preferential activation of secondary NTs in the CoCrFeNi 

MPEA. 

In addition to individual TBs, similar zig-zag crack growth was also observed along the 

hierarchical NT structures in the CoCrFeNi MPEA specimen. As shown in Fig. 4d, a primary 

NT parallel to the indentation direction (with a thickness of approximately 7 nm at the notch 

root and reduces to several atomic layers in the front) pre-exists in a [11 ]-aligned specimen. 

During the fracture test, the main crack nucleates from the notch root and propagates away 

from the pre-existing NT; meanwhile, multiple secondary NTs (denoted as NT1 and NT2) are 

activated from the primary NT, generating a hierarchical NT configuration. Similar to that 

shown in Fig. 4a, the propagating crack is instantly blunted at NT1, followed by the activation 

of inclined slip from NT1 to NT2 (Fig. 4e, shown by the white arrow). With continuous sliding 

along NT1 ahead of the blunted crack tip under further loading, shear localization along this 

slip plane between NT1 and NT2 evolves into a sub-crack (Fig. 4f). Therefore, zig-zag crack 

propagation can also be induced upon its interaction with the hierarchical NT configurations. 

In contrast, in [11 ]-aligned SC specimen without the hierarchical NT structures, the crack 

keeps propagating rapidly along the inclined ( 11) plane without any deflection (Fig. 4g i). 

The above comparison among TC, hierarchical NTs, and SC specimens underpins the 

indispensable role of secondary NTs in activating zig-zag crack in the vicinity of inherently 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



12 

 

defective TBs and modulating the overall crack propagation resistance of CoCrFeNi, a typical 

MPEA alloy with relatively low SFE. 

To further understand the origin of this zig-zag crack propagation, MD simulations have 

been performed to unravel the atomistic mechanisms underlying the interaction between a 

crack and secondary NTs. As shown in Fig. 5a, the initial model adopts the same [11 ]-aligned 

TC configuration as that in experiment (Fig. 4), where the main crack along the inclined (1 1) 

plane is initially blunted by NT1 that nucleated from the primary TB. Under tensile loading 

perpendicular to the primary TB plane, TB sliding along the NT is preferentially activated 

through the consecutive activation of full dislocations (presented as leading and trailing partial 

dislocation pairs) from the blunted crack tip with evident stress concentration (see the atomistic 

distribution of von-Mises strain in Fig. 5d). The dislocations propagating along the NT pile-up 

at pre-existing atomic steps, which induces local stress concentration that leads to dislocation 

nucleation from the opposite side of NT1 (Figs. 5b and 5e). The inclined slip ahead of NT is 

activated due to steps on the boundary of secondary NTs. These steps on the secondary TBs 

play an essential role in creating the local concentrated plastic deformation on the TBs by 

blocking the twinning dislocation pairs emitted from the crack tip and creating dislocation pile-

up. The corresponding local stress concentration at the steps serve as nucleation sites to re-

activate the slips ahead, which coordinates with sliding along the secondary NT. With further 

tensile loading, inclined slip systems can be activated at the intersection of the primary and 

secondary TBs (Fig. 5c) and propagate towards the neighbouring TBs. This mechanism serves 

as the transfer route of plastic deformation between different TBs along the crack path. 

Consistent with our experimental observations, these inclined slip systems have disassociated 

Burgers vectors along the thickness direction and inevitably induce local mechanical thinning 

of the sample, which leads to the formation of a sub-crack connecting the neighboring 

secondary NTs. The evolution of atomistic von Mises strain (Fig. 5f) delineates strong strain 
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accumulation along the secondary NT, which confirms the transfer of plastic deformation 

among the secondary TBs ahead of the crack tip during the zig-zag crack propagation. 

Atomistic characterization of the TB sliding region through HRTEM near the nucleation site 

of sub-crack ahead also shows frequent presence of atomic steps in the secondary NTs 

(Supplementary Fig. 3), which serve to restrict TB sliding along the secondary NTs, supporting 

our MD simulations results. Meanwhile, these steps on the TB can also serve as effective 

nucleation sites of full dislocations on the inclined slip plane, contributing to the re-activation 

of inclined sub-crack ahead. These observations confirm the important role of steps in the 

secondary NT, which highlights a new role of TBs in modulating the fracture behaviour in the 

presence of multiple secondary NTs. 

 

3.3 Enhanced fracture resistance with zig-zag crack propagation 

To quantitatively estimate the enhanced fracture resistance associated with the observed 

zig-zag crack, the crack tip opening displacement (CTOD) coupled with crack propagation 

distance (L) projected along the indentation direction has been recorded. Fig. 6a b 

schematically illustrates the CTOD and L in normal crack and zig-zag crack, where the same 

L from the pre-set notch is assumed in both models for comparison. The ratios between CTOD 

and L are determined for both normal and zig-zag cracks among parallel specimens in 

experiments (Table 1). For the normal crack, i.e., direct crack propagation along the inclined 

(1 1) slip plane, the CTOD/L ratio in the range of 0.21 0.28 has been determined from multiple 

specimens. In contrast, the CTOD/L ratio for zig-zag crack increases markedly to above 0.36 

(with a maximum value of approximately 0.48), indicating at least 50% increase in fracture 

resistance due to crack deflection. Essentially, the increased resistance against crack 

propagation can be attributed to three major factors associated with the secondary NT, 

including: (1) crack blunting by NT; (2) transition from cracking along the inclined (1 1) plane 
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to sliding along the secondary NT; (3) nucleation of sub-crack ahead following the extensive 

dislocation motion along the inclined plane, which is coordinated with sliding along the NT.  

While the apparent blunting of main crack by the secondary NT has been observed in both 

experiments (Fig. 4) and MD simulations (Fig. 5), the latter two processes require further 

clarification. Step-by-step analysis of such NT-modulated fracture behaviour in the CoCrFeNi 

MPEA specimen establishes a correlation between the TB sliding distance and the nucleation 

of a sub-crack ahead during the zig-zag crack propagation. As shown in Fig. 7a b, the 

continuous crack opening following the crack blunting is mainly induced by the sliding along 

secondary NT. During this process, the displacement associated with sliding along the NT 

inevitably induces stress concentration at steps on the NT, which is preferentially released 

through consecutive dislocation motion along the inclined slip between the neighboring NTs 

(Fig. 7b). The shear localization following this continuous sliding eventually leads to the 

nucleation of a sub-crack ahead (Fig. 7c). To quantitatively compare the enhanced energy 

dissipation associated with the zig-zag crack propagation and normal crack (schematically 

illustrated in Fig. 6), theoretical analysis was performed based on the geometric model 

illustrated in Fig. 7d, where the main crack is deflected periodically by the secondary NT. 

Given the average spacing LNT between neighbouring secondary NTs and the crystallographic 

relation between the secondary NT and sub-crack, the effective zig-zag crack propagation 

distance and corresponding energy dissipation can be obtained. Two sources of energy 

dissipation are considered here for zig-zag crack propagation through two neighbouring 

secondary NTs, i.e., the surface energy for crack opening along the inclined (1 1) plane (same 

as that of the normal crack) and TB sliding along the secondary NT. The total energy  

(per specimen thickness) can be expressed as: 

 

where surface and shear are the surface energy and TB sliding energy evaluated from MD 
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simulations, LNT is the spacing between neighboring NTs, h is the length of the initial TB 

sliding region, dh is the incremental sliding distance along the TB; f is a function of geometric 

parameters, f= , where  =70.5° denotes the orientation of secondary NTs; 

 and denote the orientation of the inclined crack surface inside the specimen (schematically 

shown in Fig. 7d). Following this geometrical analysis, the incremental energy (per specimen 

thickness) associated with crack opening is estimated to be 6.57  (J/m) and the TB sliding 

energy is estimated to be 1.45nh (J/m), where n is the estimated number of full dislocations 

associated with TB sliding process (b=a/2[110], a=3.53 Å, giving rise to a sliding distance of 

0.25 nm for each full dislocation). According to our experimental characterization (Fig. 7b), h 

is estimated to be 0.52 , and the incremental sliding distance dh is estimated to be a few 

nanometers prior to the activation of inclined slip, which corresponds to a cumulative slip of 

n~10 full dislocations. The dissipated energy associated with TB sliding is thus comparable 

with the energy dissipation of crack opening, rationalizing the nearly doubled CTOD/L ratio 

for zig-zag crack measured in experiment. It should be noted that extensive dislocation 

activities and further TB sliding will accommodate the local mechanical thinning and sub-crack 

formation process, contributing to additional energy dissipation. (Supplementary Notes). 

 

4. Discussion 

4.1 General implication of the zig-zag crack 

Combining in situ microscale fracture tests performed in TEM, MD simulations, and 

theoretical analysis, we have unveiled a unique interaction between a propagating crack and a 

coherent TB in CoCrFeNi MPEA, which draws upon some of the atomistic insights into 

nucleation mechanism of secondary NTs from inherently defective TBs in our previous work 

[26]. In situ TEM fracture tests and atomistic characterizations confirm that the secondary NTs 

can effectively modulate the crack path in the vicinity of a primary TB through a sliding and 
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opening mechanism (Figs. 2 and 4), leading to zig-zag crack propagation. MD simulations and 

theoretical analysis quantify energy dissipation associated with such zig-zag crack propagation, 

which correlates with the sliding distance along secondary NTs as well as the number of 

periodic crack deflections (Figs. 5 6). These findings not only establish a microscopic zig-zag 

crack model induced by secondary NTs, but also represent an important step forward for 

clarifying the underlying relation between the characteristic high fracture toughness and 

abundant twins in FCC MPEA, which has eluded hitherto systematic experimental analysis in 

conventional tests. The zig-zag cracking elaborated in this work relies on the coordinated 

activation of secondary NTs and inclined sub-cracks, underscoring the indispensable role of 

inherently defective coherent TBs in this toughening mechanism.  

Beyond the CoCrFeNi MPEA examined in this work, the zig-zag crack induced by 

inherently defective TBs are likely to occur in other FCC alloys with low SFE as well. 

Theoretically, deformation twinning can be preferentially activated with low SFE ranging in 

15 45 mJ/m2 (whereas ultralow SFE may instead induce displacive phase transformation), 

according to the empirical correlation between SFE and dominant deformation mechanisms in 

representative FCC alloys [39]. With inherent defects such as steps on the TBs [27, 40], 

deformation twinning can be further facilitated through the nucleation of secondary NTs from 

the interfacial sources [26]. The inherently defective TBs and the featured secondary or 

hierarchical NT structures have been reported in a wide range of FCC metals and alloys, such 

as Ag [28], stainless steel [24], and Cu-Al alloy [41]. The hierarchical twin structures can 

effectively blunt and deflect cracks through the TB-crack interaction model proposed in this 

work (Fig. 6), leading to TB-modulated fracture behaviours similar to those observed in the 

CoCrFeNi MPEA. Given the dependence of this interaction mechanism on the density and size 

of intrinsic defects in the TBs, the processing or prior history of alloys [42] can have significant 

influences on TB-modulated fracture. In this regard, controlling the distribution of atomic-scale 
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defects in TBs offers an opportunity to modulate fracture behaviors of FCC alloys through 

dynamic microstructural evolution during external loading.  

Nevertheless, we are aware that cracks in thin film samples can exhibit certain different 

behaviors from their bulk counterpart, such as alternate crack blunting and cleavage reported 

in the otherwise inherently brittle refractory metal [43]. In this work, the experimental set-up 

and atomistic simulation models are designed to resemble standard fracture tests with low out-

of-plane constraint  for the investigation of fracture behaviours of ductile materials (e.g., on Al 

sheet [44]). The fabricated specimens containing an individual TB and controlled crack 

activation serve as an ideal platform to study the TB-crack interactions. It remains to be 

clarified whether the TB-crack interaction and the consequent zig-zag fracture behaviour 

elaborated with in situ TEM are limited to thin film specimens. 

 

4.2 Comprehensive map of TB-modulated fracture 

The above results regarding zig-zag crack not only provide a mechanistic understanding 

of the TB-modulated fracture behavior of MPEA, but also hold implications for enhancing the 

fracture resistance of a broad class of ductile FCC alloys with low SFE. To establish a 

comprehensive understanding of TB-modulated fracture in ductile FCC alloys, we first 

consider potential cracks along {111} close-packed planes (schematically shown by the double 

Thompson tetrahedron in Fig. 8a), where the TB-crack interactions in FCC metals/alloys 

mainly consist of three representative categories. When initiated at the TB (plane ACB in Fig. 

8b), the crack is prone to propagating along the TB as typical mode I crack [37, 45]. In this 

case, the crack propagation resistance depends on the intrinsic strength of coherent TB. 

However, crack propagation along the coherent TB can be rather sluggish in ductile metals or 

alloys, due to both the intrinsic stability of coherent TB (compared with that of general HAGBs) 

and the vast availability of other plastic deformation mechanisms ahead of the crack tip, such 
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as dislocation emission [40, 45]. In contrast, when the crack lies along the other edge-on plane 

(BCD in Fig. 8c) and propagates towards to the TB (i.e., hard mode), slip transmission 

following the crack deflection occurs preferentially. With increasing TB density, such as 

nanotwinned metals [30, 31, 46], consecutive deflection can significantly enhance the crack 

resistance with reduced TB spacing (schematically shown in Fig. 8c). However, at extreme TB 

spacing (i.e., several atomic layers), direct slip transmission along the (001) non-close-packed 

plane can be triggered [47], and the crack can potentially penetrate the nanotwins ahead. In 

addition to these two classic categories of TB-crack interactions, our work elaborates a third 

interaction mode involving TB and inclined crack plane (ACD or ABD), which indicates that 

coherent TBs can also blunt the cracks nearby, even when the initial crack adopts a deviating 

path from the TB. Essentially, the inherently defective TBs prove to modulate the crack 

propagation path in the vicinity of a primary TB through the activation of secondary or even 

hierarchical NTs, leading to zig-zag crack propagation (schematically shown in Fig. 8d). This 

mechanism can be activated within a range of TB orientations (Fig. 4a c), given the 

preferential activation of secondary or hierarchical NTs from the TB defects. According to our 

zig-zag crack model (Fig. 7d), the energy dissipation associated with TB sliding is comparable 

to crack opening. Thus, the overall effective crack propagation distance arising from both crack 

opening and TB sliding is nearly doubled compared with a normal crack along {111} planes 

in SC lattices. 

Combining these three categories of TB-crack interactions in the context of {111} close-

packed planes, a comprehensive map of TB-modulated fracture can be established, which holds 

general implications for FCC alloys. Meanwhile, we note that initial crack can also be activated 

on other lattice planes, especially under the complex stress condition ahead of the crack tip. 

For example, crack propagation almost parallel to the (001) plane in MPEA has been reported 

in both modelling [48] and experiments [14]. In these cases, the crack propagation is mainly 
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facilitated by void formation coordinated with twinning-dominated plasticity within the 

ligaments between the neighboring voids at the final deformation stage of ductile alloy. The 

three representative mechanisms within this comprehensive map (Figs. 8b d), as well as other 

potential crack on non-close-packed planes, collectively contribute to the TB-modulated 

fracture within individual grains, which marks an important step to quantitatively correlate the 

abundant twins with the overall enhanced fracture toughness in FCC alloys. 

Although the current model mainly elaborates the interactions between a propagating 

crack and an individual TB (Fig. 8b d), it suggests an approach to quantitatively correlate the 

abundant deformation twins with the overall enhanced fracture toughness in FCC alloys. When 

we extend the NT nucleation model from inherently defective TBs to general GBs, which are 

also preferential nucleation sites of lattice defects [11, 49], zig-zag crack via consecutive 

sliding and sub-crack nucleation along NTs are expected to occur more frequently within these 

grains, depending on the crystallographic relations and the density of NTs ahead of the crack 

tip. Further taking into consideration the plastic anisotropy among different grains, this 

comprehensive theory for each individual TB-crack interaction can be potentially generalized 

for TB-modulated transgranular fracture in polycrystalline alloys. Future works are required to 

precisely determine the TB-modulated fracture toughness in polycrystalline materials, which 

can inspire further multi-scale modelling and eventually guide the structural design of alloy for 

enhanced damage tolerance.  

 

5. Conclusions 

Combining in situ TEM microscale fracture test of CoCrFeNi MPEA, MD simulation, and 

theoretical analysis, we have unveiled a microscopic mechanism of the interaction between 

cracks and coherent TBs, which is of general importance to understanding TB-modulated 
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fracture behaviors in FCC MPEAs and their characteristic high toughness. The following 

conclusions can be drawn from this study: 

(1) The steps on the inherently defective TBs can facilitate the activation of secondary NTs in 

CoCrFeNi MPEA. Through this mechanism, cracks nearby can be effectively blunted 

through consecutive sliding along secondary NT and nucleation of sub-crack ahead, leading 

to zig-zag crack propagation in the vicinity of a primary TB. 

(2) A geometric model has been developed to quantify the enhanced fracture resistance 

associated with the zig-zag crack propagation in MPEA, which indicates nearly doubled 

energy dissipation compared with that of a normal crack. 

(3)  The deformation twin mediated consecutive sliding-opening crack propagation 

mechanisms can help bridge the current gap between increasing recognition of hierarchical 

twin configurations and enhanced toughness in MPEA. Thus, these findings potentially 

contribute to a more comprehensive understanding of TB-modulated damage tolerance in 

FCC alloys with low SFE. 
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Figure 1. Site-selective specimen fabrication and in situ microscale fracture test in TEM.
(a) Grain morphology of the as-received CoCrFeNi equiatomic MPEA superimposed by
orientation map, which contains large number of 3 coherent TBs. (b) SEM image of a 
selectively FIB-fabricated specimen. (c) In situ microscale fracture test in TEM. (d) 
Preferential activation of an inclined (1 1) slip from the pre-set notch in the [11 ]-aligned 
specimen (confirmed by the inset SAED pattern). Subsequent shear localization leads to the 
nucleation of a sharp crack along this inclined slip plane (indicated by the black arrow).

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



25

Figure 2. Microscopic zig-zag crack propagation in the vicinity of a pre-existing coherent 
TB. (a) Activation of a main crack along an inclined slip plane (delineated by the black lines) 
towards the pre-existing coherent TB (blue line). The inset SAED pattern confirms the presence 
of a pre-existing TB in the specimen. (b) Consecutive deflections of the crack in the vicinity of 
TB. The black, blue, and red arrows indicate the consecutive crack propagation along the 
inclined slip plane, primary TB and secondary NT, respectively. (c d) Schematic illustrate the 
crack propagation path in (a) and (b), respectively. (e) Consecutive zig-zag crack propagation 
in the vicinity of the primary TB.
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Figure 3. Microstructural origin associated with the zig-zag crack propagation along the 
primary TB. (a) Atomic structure of the TB at the first crack deflection site. (b) TB crack
deflected by a secondary NT ahead. (c) Crack propagation accompanied by lattice sliding after 
deflection by the secondary NT. (d) Reactivation of inclined slip and the formation of a sub-
crack (indicated by the black arrow). (e) Fast Fourier transform (FFT) pattern of the 
hierarchical twin structures in (b). (f g) Atomic structures of the neighboring steps in the 
primary TB associated with the nucleation of a secondary NT (f) and a SF (g).
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Figure 4. TB-induced zig-zag propagation of a deviating crack in CoCrFeNi MPEA. (a-c) 
Dark-field TEM snapshots showing the zig-zag crack propagation in the vicinity of slanted 
TBs. (a) The deviating crack blunted by the secondary NT (indicated by the red arrow) 
generated from the primary TB. (b-c) Consecutive blunting and sub-crack nucleation leads to 
zig-zag crack. (d-f) Zig-zag crack along the hierarchical NT configurations. (d) CoCrFeNi 
specimen containing of a nanotwin (inset HRTEM image) along the indentation direction. (d-
f) Zig-zag crack induced by secondary NTs. (g i) Normal crack along the inclined (1 1) plane 
in single crystal without evident blunting.
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Figure 5. Atomistic mechanisms of the TB-crack interaction underlying the zig-zag crack 
propagation in CoCrFeNi MPEA. (a) Dislocation pairs emitted from the main crack and glide 
along the secondary NT under tensile loading. (b) Nucleation of Shockley partials from the 
intersection site on the secondary NT. (c) Re-activation of inclined slip between the secondary 
NTs. FCC atoms are removed for clear demonstration of TBs and crack. Red and yellow atoms 
indicate HCP and unknown coordination structure respectively, while green lines represent the 
Shockley partials. (d f) Atomistic mapping of von Mises strain in (a c). Atoms on TBs are 
colored black for reference. 
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Figure 6.  Enhanced fracture resistance associated with TB-modulated zig-zag crack 
propagation. (a b) Schematics of a normal crack (a) and zig-zag crack (b) during the
microscale fracture test of [112]-aligned SC and TC specimens. The fracture resistance is 
characterized by the ratio between crack tip opening displacement (CTOD) and crack 
propagation distance L in both cases. 
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Figure 7. Sub-crack nucleation and energy dissipation associated with sliding along NTs. 
(a) Blunting of the main crack by NT1. (b c) Nucleation of sub-crack following the inclined 
slip between NT1 and NT2, which is accompanied by sliding along the secondary NT. (d) 
Schematic model of the microscopically zig-zag crack for quantitative analysis of energy 
dissipation.

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



31

Figure 8. Representative mechanisms of TB-modulated fracture in FCC metals with low 
SFE. (a) Thompson tetrahedron showing the orientation relations between CTB and all 
potential cracks along {111} close-packed planes (colored grey, red and blue) in FCC metals. 
(b d) Schematics of different crack propagation modes modulated by coherent TB.
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Table 1. CTOD/L ratio measured from in situ experiments. 

Specimen CTOD (nm) L (nm) CTOD/L Snapshots 

Norm-1 127 593 0.21  

Norm-2 190 810 0.23  

Norm-3 157 559 0.28 Fig. 4i 

Norm-4 200 789 0.25  

Zig-zag 1 76 173 0.36 Fig. 4f 

Zig-zag 2 600 1610 0.37 Fig. 2e 

Zig-zag 3 426 879 0.48 Fig. 4c 
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